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The thesis entitled "Studies on 7{y6rid Ion-^j(cfiange MateriaCs: 
Synthesis, Cftaracterization andJLnaCyticaCjLppCtcatiom" comprises of four 
chapters Chapter 1 is a "General Introduction" which includes a brief 
description of chromatography and also takes into account the theory and practice 
of the ion-exchange studies in the context of the present day problem of pollution 
It also consists of classification of ion-exchangers as organic and morganic ion-
exchangers 
Ion-exchange is a well known analytical technique for the separation of 
metal ions from aqueous media Ion-exchangers are the materials capable of 
exchangmg ions with those present m the electrolyte solution Organic resins are 
made up of the long cham polymeric matrix composed of the polystyrene-
polyvmyl chloride Since these materials are not very stable at high temperature 
and under strong radiation the use of inorganic ion-exchangers was mitiated 
Inorganic ion-exchangers are mostly the polybasic acid salts of multivalent metals 
possessmg lonogemc groups 
The purpose of the proposed study is to produce new hybnd materials, 
possessing both organic and inorganic components, which may be used 
successfully m the analysis of environmental samples As they contam both the 
organic and morganic components, they are termed as "hybrid ion exchangers" 
These materials have dominated the field because of their uniformity, chemical 
and thermal stability, selectivity for metal ions and ability to control resm 
properties by synthetic procedures. An inorganic ion-exchanger based on organic 
polymeric matrix must be an interesting material as it should possess the 
mechanical stability due to the presence of organic polymeric species and the basic 
characteristics of an inorganic ion-exchanger regarding its selectivity for some 
specific metal ions. 
The chapter 2 is entitled as "Synthesis, Ion-Exchange Characterization 
and Analytical Applications of acrylamide zirconium (IV) phosphate, pyridine 
zirconium (IV) phosphate and pyridine tin (IV) phosphate Ion-exchangers". 
Some new and novel ion-exchange materials such as acrylamide zirconium (IV) 
phosphate, pyridine zirconium (IV) phosphate and pyridine tin (IV) phosphate 
have been prepared by the usual precipitation method involving the multivalent 
metal ions and heteropolyacid salts along with some polymeric materials which 
will form the matrices after the basic treatments such as filtration, washing, 
sieving and regeneration to the hydrogen form. 
Characterization of a material by various techniques gives us an idea about 
the properties and structure of the compound. This in turn gives us an insight 
about the probable applications that could be explored using the material. In the 
present study an attempt has been made to explore the use of tetravalent metal acid 
(tma) salts and their organic derivatives as an ion-exchangers. The real utility of an 
ion-exchanger depends largely on its ion-exchange characteristics. Ion-exchange 
capacity, concentration and elution behaviour, pH-titrations, and distribution 
behaviour are some of the properties which constitute the ion-exchange 
characteristics of a material Separation factors and K<i values for various metal 
ions have also been determined and a marked selectivity for Hg^ "^  and Pb^^ has 
been found Tables 1, 2 and 3 summarize the results of distribution behaviour As 
a consequence, some binary separations of metal ions have been performed on a 
column of these materials demonstrating their analytical potential Tables 4, 5 and 
6 and Fig 1, 2 and 3 summarizes the results of binary separations performed on a 
column of acrylamide zirconium (IV) phosphate, pyridme zirconium (IV) 
phosphate and pyridine tm (IV) phosphate 
Table 1 K^  values of metal ions on acrylamide zirconium (IV) phosphate 
DMW, hydrochloric acid, nitric acid and perchloric acid media. 
m 
Metal 
ions 
MgdD 
Caai) 
Sr(n) 
Baai) 
Cdai) 
Pb(II) 
Mn(ir) 
Cr(ni) 
Coai) 
Cuai) 
Hgai) 
Ni(n) 
DMW 
1484 6 
6142 
1850 
3333 3 
6400 
2800 
2566 6 
50 
1366 6 
5750 
11250 
33714 
0.0 IM 
6103 
589 6 
408 6 
11875 
747 8 
2220 
1233 3 
15 38 
1366 6 
2825 
11250 
33714 
HCl 
O.IM 
564 5 
4714 
333 3 
11117 
7125 
1446 6 
1100 
15 38 
1194 1 
1200 
11250 
1329 4 
IM 
564 5 
440 5 
244 1 
11117 
680 
728 5 
548 6 
15 38 
856 5 
836 
7466 6 
1250 
0.0 IM 
16166 
1566 6 
6194 
16166 
875 
1188 8 
1163 1 
7 14 
4300 
3800 
22600 
1635 7 
HNO3 
O.IM 
692 3 
952 6 
265 6 
1484 6 
596 4 
759 2 
674 1 
7 14 
2650 
1362 5 
4440 
1520 
IM 
635 7 
809 
225 
1484 6 
509 3 
673 3 
485 3 
7 14 
1275 
11315 
3683 3 
141875 
0.0 IM 
795 6 
733 3 
963 6 
1772 7 
828 5 
1446 6 
860 
7 14 
3042 8 
4580 
11250 
4760 
HCIO4 
O.IM 
635 7 
506 
5157 
1273 3 
7125 
1350 
5315 
7 14 
1733 3 
2027 2 
4440 
2600 
IM 
488 5 
455 5 
387 5 
880 9 
596 4 
11210 
380 
7 14 
1366 6 
1070 
3683 3 
2109 
Table 2 K<i values of metal ions on pyridine zirconium (FV) phosphate in 
DMW, hydrochloric acid, nitric acid and perchloric acid media. 
Metal 
ions 
Mg(II) 
Ca(II) 
Ba(II) 
Sr(n) 
Mn(II) 
Cd(II) 
Pbai) 
Coai) 
Cu(II) 
Ni(II) 
Hgai) 
Fe(nr) 
Cr(ni) 
DMW 
320 
500 
675 
540 
500 
600 
633 33 
1050 
1300 
900 
1900 
700 
25 
0.0 I M 
200 
328 57 
244 44 
300 
200 
320 
340 
666 66 
600 
566 66 
900 
700 
5 26 
HCI 
O.IM 
110 
275 
18181 
255 55 
166 66 
200 
340 
666 66 
600 
400 
900 
700 
5 26 
IM 
90 90 
150 
158 33 
220 
140 
162 5 
266 66 
475 
600 
300 
900 
700 
2 56 
0.0 IM 
200 
275 
287 5 
300 
242 85 
250 
450 
666 66 
600 
566 66 
900 
700 
8 10 
HNOj 
O.IM 
75 
233 33 
244 44 
255 55 
200 
200 
450 
360 
600 
400 
900 
700 
8 10 
IM 
50 
130 76 
210 
220 
166 66 
162 5 
340 
360 
600 
300 
900 
700 
8 10 
0.0 IM 
250 
400 
520 
433 33 
242 85 
320 
450 
666 66 
600 
566 66 
900 
700 
11 11 
HCIO4 
O.IM 
200 
275 
342 85 
357 14 
200 
250 
450 
475 
600 
400 
900 
700 
5 26 
IM 
133 33 
233 33 
210 
220 
166 66 
250 
450 
360 
600 
300 
900 
700 
2 56 
Table 3 Kd values of metal ions on pyridine tin (IV) phosphate in DRIW, 
hydrochloric acid, nitric acid and perchloric acid media. 
Metal 
ions 
Mg(II) 
Ca(II) 
Ba(II) 
Sr(II) 
Mn(II) 
Cdai) 
Pb(II) 
Coai) 
Cu(II) 
Ni(II) 
Hg(II) 
Fe(ni) 
Cr(III) 
DMW 
320 
650 
933 33 
700 
700 
600 
1000 
1050 
600 
400 
566 66 
700 
21 21 
0.0 IM 
250 
400 
287 5 
357 14 
242 85 
320 
633 33 
666 66 
366 66 
300 
400 
300 
8 10 
HCl 
O.IM 
133 33 
328 57 
210 
300 
200 
250 
633 33 
475 
250 
233 33 
400 
300 
8 10 
IM 
110 
172 72 
18181 
255 55 
166 66 
200 
450 
475 
250 
233 33 
400 
166 66 
5 26 
O.OIM 
250 
328 57 
342 85 
357 14 
300 
250 
633 33 
666 66 
366 66 
300 
400 
300 
11 11 
HNOj 
O.IM 
162 5 
275 
287 5 
300 
242 85 
200 
633 33 
475 
366 66 
233 33 
400 
300 
11 11 
IM 
75 
150 
244 44 
255 55 
200 
200 
450 
360 
250 
233 33 
400 
166 66 
8 10 
O.OIM 
200 
500 
675 
433 33 
300 
250 
633 33 
475 
366 66 
300 
400 
300 
14 28 
HCIO4 
O.IM 
162 5 
328 57 
416 66 
357 14 
242 85 
200 
633 33 
360 
250 
233 33 
400 
300 
8 10 
IM 
133 33 
275 
244 44 
300 
200 
162 5 
450 
360 
250 
233 33 
400 
166 66 
5 26 
Table 4 Binary separations of metal ions achieved on acrylamide 
zirconium (IV) phosphate (AAZrP) columns. 
s. 
No 
1 
2 
3 
4 
Separation 
Achieved 
M, M2 
Ni(n)-Hg(ii) 
Cd(II)-Hg(II) 
Pb(II)-Hg(II) 
Mg(II)-Hg(II) 
Amount loaded 
fus^ 
M, 
4579 94 
4858 40 
4968 15 
4038 45 
M2 
5504 56 
5504 56 
5504 56 
5504 56 
Amount found 
fn 
M, 
4470 89 
4742 72 
4968 15 
4134 611 
p 
M2 
5504 56 
5504 56 
5379 46 
5379 46 
Error 
(%) 
Ml 
-2 38 
-2 38 
0 
+2 38 
M j 
0 
0 
-111 
-2 27 
Eluent used 
Ni 0 IM HCl 
Hg 1MHC1 + 
IMNH4CI 
Cd IMHNO3 
Hg 1MHC1 + 
IMNH4CI 
Pb IMHCI 
Hg IM HCl + 
IMNttiCl 
Mg 0 IMHCI 
Hg 1MHC1 + 
IMNH4CI 
Volmne 
of eluent 
(ml) 
70 
70 
60 
70 
50 
70 
70 
80 
Table 5 Binary separations of metal ions achieved on pyridine zirconium (IV) 
phosphate (PyZrP) columns. 
s. 
No 
1 
2 
3 
4 
Separation Achieved 
M, M2 
Mg(n)-Hg(ii) 
Cd(II) - Hg(II) 
Ni(n)-Hg(n) 
Pb(n) - Mg(n) 
Amount loaded 
ru2i 
Ml 
1615 383 
1943 36 
1744 74 
2199 186 
M2 
2001 66 
2001 66 
2001 66 
1615 383 
Amount found 
fU£) 
Ml 
1653 84 
1897 09 
1744 74 
2199 186 
M2 
2001 66 
195161 
2001 66 
1576 92 
Error 
t%) 
M, 
-H2 38 
-2 38 
0 
0 
M2 
0 
-2 5 
0 
-2 38 
Eluent used 
Mg 0 1 M HCl 
Hg 1 M HCl + 
IM NH4CI 
Cd IMHNO, 
Hg IMHCl-H 
IMNH4CI 
Ni 0 1 M HCl 
Hg 1MHC1 + 
IMNH4CI 
Pb 1 M HCl 
Mg 0 1 M HCl 
Volume 
of eluent 
(ml) 
70 
60 
50 
60 
50 
60 
50 
60 
Table 6 Binary separations of metal ions achieved on pyridine tin (IV) 
phosphate (PySnP) columns. 
S No 
1 
2 
3 
4 
Separation 
achieved 
M, Ml 
Mg(n)-Pb(II) 
cd(n)-Pb(n) 
cu(n)-Pb(n) 
cd(U)-cu(n) 
Amount loaded 
(fxg) 
M, 
1615 383 
1943 36 
1014 72 
1943 36 
Mz 
2199 186 
2199 18 
2199 18 
1014 72 
Amount found 
Oxg) 
M, 
1576 92 
189709 
978 48 
1943 36 
M: 
2149 20 
2199 18 
2199 18 
1050 96 
Error 
(%) 
M, 
-2 38 
-2 38 
-3 57 
0 
Mz 
-2 27 
0 
0 
+3 57 
Eluent used 
Mg 0 1 M HCIO4 
Pb 1 M HNO, 
Cd 0 1 M HCl 
Pb 1 M HNO, 
Cu 0 1 M HCIO4 
Pb 1 M HNO1 
Cd 0 1 M HCl 
Cu 0 1 M HCIO4 
Volume 
of eluent 
(ml) 
60 
60 
60 
50 
50 
50 
60 
50 
F 
< 
Q 
UJ 
O 
O 
> 
1 2 
1 0 
0 8 
0 6 
0.4 
0.2 
a 
N i ( I I ) 
1 t 
b 
.Hgd i ) 
\ u j 1 1 1 
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160 
Vol. of e luent (ml ) Vol of elue nt ( ml) 
H g ( I l ) 
0 20 40 60 60 100 120 140 160 0 20 40 60 80 100 120 KO 160 180 
Vol. of eluent (m l ) ^ Vol of e luent (m l ) 
Fig. 1 Separation of Ni (II) from Hg (II); Cd (II) from Hg (II); Pb (II) from 
Hg (II); and Mg (II) from Hg (II) on aciylamide zirconium (IV) 
phosphate (AAZrP) colmnns: (a, g) 0.1 M HCl; (b,d,f,h) IM HCl + 
1 M NH4CI; (e) IM HCl; (e) IM HCl (c) 1 M HNO3. 
< 
I— 
Q 
UJ 
o 
> 
1.2 
1.0 
0.8 
0.6 
a4 
0.2 
Mg (ID 
' l i t 
Hg(ll) 
*^^ i ( 
- h 
1 f \ , 1 
0 20 40 60 80 100 120 HO 150 
Vol.of e luent ( m l ) 
0 20 AO 60 80 100 120 UO 160 
Vol.of e luen t ( m l ) 
20 40 60 80 100 120 UO 16 
Vol.of eluent ( m l ) 
1.2 
1.0 
0.8 
0.6 
0.A 
0.2 
* y 
- P b d l ) 
- / \ 
- / \ 
1 1 
Mg(ll) 
W 1 
- h - — 
1 1 V ^ „ 1 
20 AO 60 80 100 120 UO 16 
Vol.of e luent ( m l ) 
Fig. 2 Separation of Mg (II) from Hg (II); Cd (II) from Hg (II); Ni (II) from 
Hg (II); and Pb (II) from Mg (II) on pyridine zirconium (IV) 
phosphate (PyZrP) columns: (a,e,h) 0.1 M HCl; (b,d,f) 1 M HCl + 
IM NH4CI; (g) 1 M HCl; (c) I M HNO3. 
10 
0 20 40 60 80 100 120 KO 
Vol.of eluent (ml ) 
c »• •* d 
Pb( I I ) 
0 20 40 60 80 100 120 140 
Vol.of eluent (ml) 
0 20 40 60 80 100 120 140 
Vol. of eluent (ml) 
L g .. 
Cu(II) 
20 40 60 80 100 120 140 
Volof eluent (ml) 
Fig.3 Separation of Mg (II) &om Pb (II); Cd (II) from Pb (11); Cu (II) from 
Pb (II); and Cd (II) from Cu (II) on pyridine tin (IV) phosphate 
(PySnP) columns: (a,e,h) 0.1 M HCJO ;^ (b,d,f) \ M HNOs' (c a) 
O.lMHCl. ^ '^ ^ 
11 
The chapter 3 is entitled as "Physicochemical characterization of 
acrylamide zirconium (IV) phosphate, pyridine zirconium (IV) phosphate and 
pyridine tin (IV)phosphate ion-exchangers". It includes the various instrumental 
studies performed on the materials such as chemical composition, IR, TGA, DTA, 
DSC, X-ray, and elemental analysis. 
On the basis of their chemical analysis (Table 7) the molar composition of 
zirconium, phosphate, acrylamide (Zr:P04:CH2CHCONH2) m the AAZrP; 
zirconium, phosphate, pyridine (Zr;P04:C5H5N) m the PyZrP; and tm, phosphate 
and pyridine (Sn:P04: C5H5N) in the PySnP; were found to be 1:2:3, 1:2:4 and 
1:2:7 respectively, which tentatively suggests the following formulae: 
[(Zr02)(H3P04)2(CH2CHCONH2)3].nH20, 
[(Zr02)(H3P04)2(C5H5N)4].nH20 and 
[(Sn02)(H3P04)2(C5H5N)7].nH20 respectively. 
12 
Table 7 Composition of acrylamide zirconium (IV) phosphate (AAZrP) 
pyridine zirconium (IV) phoshate (PyZrP) and pyridine tin (IV) 
phosphate (PySnP). 
Material 
AAZrP 
PyZrP 
PySnP 
Weight of the 
material (mg) 
100 
100 
100 
Millimoles of the components 
Zr 
(IV) 
0 361 
Zr 
(IV) 
0 328 
Sn 
(IV) 
0 269 
PO4' 
0 673 
PO/ 
0 689 
P04^ 
0 654 
C 
0 067 
C 
0 093 
C 
0 078 
H 
1 15 
H 
1 29 
H 
1732 
N 
0 035 
N 
0013 
N 
0111 
Mole ratio 
Zr:PO/: 
CH2CHCONH2 
1 23 
Zr:PO/ :CsH5N 
1 24 
Sn:P04^ iCsHsN 
1 2 7 
The chapter 4 deals with the "Kinetic Studies on acrylamide zirconium 
(IV) phosphate, pyridine zirconium (IV) phosphate and pyridine tin (IV) 
phosphate Ion-Exchangers" The kinetic parameters are important to understand 
the mechanism on the surface durmg the ion-exchange process for which a 
knowledge of the dimensionless time parameter, x, for the various mobility ratio is 
essential and makes the calculations much easier Knowledge of kmetics of 
exchange on morgamc materials is helpful for the evaluation of therr separation 
potential Earlier the old Bt criterion was used for such a study, which is best 
apphcable for an isotope-exchange process m which the ions have similar 
effective diffusion coefficients However, for a true ion-exchange process 
13 
involving metal ions of different diffusion coefficients, the new approach based on 
Nemst-planck equations should be more relevant Ea and AS* i e energy of 
activation and entropy of activation were determined and found to vary Imearly 
with the ionic radu and mobilities of alkalme earths, a unique feature observed for 
an inorganic ion-exchanger The results are useful for predicting the ion-exchange 
processes occurrmg on the surface of an inorganic material of the types studied 
Tables 8, 9 and 10 summarize the results 
In the past, the practice had been to determme the x values by the graphical 
methods, which was not accurate Also, it is not applicable to a true ion-exchange 
process The present study illustrates a novel procedure for such an evaluation 
which is based on the explicit expressions given by Helffench and represents a 
true ion-exchange process 
Table 8 Do, Ea and AS* values for the exchange of H (I) with some alkaline 
earth metals on acrylamide zirconium (IV) phosphate (AAZrP). 
Migrating 
ion 
Mg(II) 
Caai) 
Sr(n) 
Baai) 
Ionic 
mobility.lO*, 
(m'.V '.s') 
55 
62 
62 
66 
Ionic 
radii 
(nm) 
0 078 
0 106 
0 127 
0 143 
Hydrated 
ionic radii 
(nm) 
0310 
0 200 
0 180 
0150 
Do 
(m^s') 
1265x10' 
6 25x10' 
40x10 ' 
20x10 ' 
(kJmol') 
16 74 
15 16 
14 91 
13 62 
AS* 
(J.K'mol') 
47 59 
53 45 
57 16 
-62 93 
Table 9 Do, Ea and AS* values for the exchange of H (I) with some alkaline 
earth metals on pyridine zirconium (IV) phosphate (PyZrP). 
Migrating 
ion 
Mg(ID 
Caai) 
Sr(n) 
Ba(II) 
Ionic 
mobility. 10", 
(m^v-^s-•) 
55 
62 
62 
66 
Ionic 
radii 
(nm) 
0 078 
0 106 
0 127 
0 143 
Hydrated 
ionic radii 
(nm) 
0310 
0 200 
0 180 
0 150 
Do 
(m^s-•) 
0 50x10' 
033x10' 
0 15x10"' 
013x10' 
(kJmol •) 
8 88 
7 97 
6 53 
6 39 
AS* 
(J.K'mol*) 
-74 43 
77 88 
-84 01 
-85 54 
Table 10 Do, Ea and AS* values for the exchange of H (I) with some alkaline 
earth metals on pyridine tin (IV) phosphate (PySnP). 
Migrating 
ion 
Mg(II) 
Caai) 
Sr(n) 
Baai) 
Ionic 
mobility. 10', 
(m'.V *.s"*) 
55 
62 
62 
66 
Ionic 
radii 
(nm) 
0 078 
0 106 
0 127 
0 143 
Hydrated 
ionic radii 
(nm) 
0310 
0 200 
0 180 
0 150 
Do 
(m^s-•) 
89 12x10"' 
70 79x10"' 
56 23x10"' 
23 71x10"' 
Ea 
(IcJmol*) 
14 9 
14 8 
14 7 
12 93 
AS* 
(J.K'mol') 
-31 35 
-33 26 
-35 18 
-42 36 
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Every sphere of our life has been benefited by Science. The term 'Science' 
is derived from Latin word 'Scientia' which means knowledge. So, the term 
Science may be defined as the systematic storage of knowledge gained as a result 
of conclusions drawn by experiments and practical applications. Chemistry is one 
of the basic Sciences which may be defined as the science of molecules and their 
transformations. It is the science not so much of the one hundred elements but of 
the infinite variety of molecules that may be built from them. Chemistry deals with 
the composition, structure and properties of matter. These aspects can be best 
described and understood in terms of basic constituents of matter: atoms and 
molecules. That is why chemistry is called the science of atoms and molecules. 
Chemistry may be analytical, organic, inorganic, physical and bio. 
1.1 What is Analytical Chemistry? 
Analytical chemistry deals with the detection, determination identification 
and separation of substances. Chemical analysis is used as an intrinsic tool in 
geology, oceanography and air and water pollution. During the last few decades 
analytical chemistry has undergone such a revolution that it has come into the very 
foreground of advances in chemical sciences. Also, the scope and even the 
purpose, of analytical chemistry has grown amazingly in recent years. No other 
branch of Science finds so extensive an application as analytical chemistry purely 
for two reasons: one, it fmds numerous applications in other disciplines of 
chemistry such as inorganic, organic, physical and bio, and secondly, it fmds a 
large number of applications in other fields of sciences such as environmental, 
agricultural, biomedical and clinical, solid state research and electronics, 
oceanography, forensic science and space research. 
1.2 Qualitative and Quantitative Methods of Analysis: 
The two important aspects of analytical chemistry are "identification" and 
"estimation" of constituents of a compound. The "identification" is 'qualitative 
analysis' while "estimation" is 'quantitative analysis'. The methods involved in a 
chemical analysis may be 'instrumental' or 'non-instrumental'. The former 
methods involve the application of the principles of Physics and Physical 
Chemistry to the chemical analysis. They are usually much faster than the purely 
chemical procedures, and are applicable normally at concentrations far too small 
to be amenable to determination by classical methods, and find wide applications 
in industries. Despite the advantages possessed by the instrumental methods in 
many directions, theu wide spread adoption has not rendered the classical methods 
obsolete. The following three reasons may be outlined in this connection: 
1. The apparatus required for classical methods is cheap and readily available in 
all laboratories. 
2. With most instrumental methods it is necessary to carry out a calibration 
operation using a sample of material of known composition as a reference. 
The exact analytical data for this standard must be established by the classical 
chemical methods. 
3. It is often simpler to use a classical method rather than to go to the trouble of 
preparing requisite standards and carrying out the calibration of an instrument. 
However, there is no fundamental difference between the two methods of 
analysis. For example, even a classical method like gravimetry involves the use of 
an instrument, such as, balance and discussion of non-instrumental methods is 
sometimes based on the principles of physical chemistry. The only difference 
between the two methods lies, therefore, in the degree of complexity of the 
instruments used. They must be regarded as supplementing each other. 
Prior to a chemical analysis, separation of different constituents of a given 
sample is of primary concern for an analytical chemist. The methods generally 
used for separation include distillation, extraction, precipitation, crystallization, 
dialysis, diffusion etc. Apart from them chromatography, ion-exchange and 
electrophoresis are the modem and most versatile analytical methods. 
1.3 What is Chromatography? 
Chromatography is relatively a new technique which was first invented by 
the Russian botanist Michael Tswett, in 1906 in Warsaw for the separation and 
isolation of green and yellow chloroplast pigments by colunm adsorption 
chromatography. Kuhn and Lederer, in 1931, used this technique for the 
separation of carotene into the a- and P- isomers. Since then, the technique has 
undergone tremendous modifications so that now-a-days various types of 
chromatography are in use to separate almost any given mixture, whether coloured 
or colourless, into its constituents and to test the purity of these constituents 
According to Strain "chromatography is a separation method m which a mixture is 
applied as a narrow initial zone to a stationary, porous sorbent and the components 
are caused to undergo differential migration by the flow of the mobile phase, a 
liquid or a gas" The word "chromatography" is derived from the Greek words 
"chroma" (colour) and "graphy" (wntmg) The technique of chromatography is 
essentially based on the difference m the rates at which the components of a 
mixture move through a porous medium (called stationary phase) under the 
influence of a mobile phase (hquid or a gas) 
Chromatography is useful for the comparison of substances, for providing 
clues as to the structures of organic substances, and for the detection of the 
structural changes produced by the vanous chemical reagents or nuclear and 
biological processes Combined with the conventional chemical and mstmmental 
analytical methods, it serves to identify chemical species Chromatographic 
methods have a nearly unlimited lange of apphcabihty They can be used to 
separate smallest molecules (H2, D2) as well as the biggest (proteins, nucleic 
acids) Isotopes can be separated by gas chromatography combined with mass 
spectrometry On the other hand, multigram quantities can be separated and 
isolated by preparative column chromatographic methods Chromatographic 
processes can be classified according to the type of equilibration process involved, 
which is governed by the type of stationary phase. The different bases of 
equiUbration are adsorption, solubiHty, ion- exchange and pore penetration. 
Various types of chromatographic techniques used in analytical chemistry 
are listed in Table 1.1. 
1.4 Ion-Exchange Chromatography: 
Ion-exchange chromatography uses an ion-exchange material as the 
stationary phase, which is an insoluble material carrying the exchangeable cations 
(cation exchanger) or anions (anion exchanger). Certain materials are capable of 
both cation and anion exchanges and, hence, are called 'amphoteric ion-
exchangers'. 
"Corpora non agunt nisi fluida sive soluta" - substances do not react unless 
in a Hquid or dissolved state. This empirical rule is not universal. One of the 
noteworthy exceptions is ion-exchange. Here, a solid reacts with a solution. Ions 
can be exchanged and electrolytes and even precipitates can be removed by 
treating the solution with a solid ion-exchanger. These reactions are by no means a 
recent discovery. Nature makes extensive use of them and has done so long before 
man attempted to elucidate and apply its principles and to copy and surpass its 
performance. Ion-exchange occurs in manimate soils, sands, rocks and in living 
organisms. 
T a b l e 1.1 V a r i o u s c h r o m a t o g r a p h i c t e c h n i q u e s u s e d in 
a n a l y t i c a l c h e m i s t r y . 
CHROMATOGRAPHY 
Liquid Chromatography (LC) 
(Liquid carries the dissolved solute 
through the sorbent column, paper or 
thin layer) 
Gas Chromatography (GC) 
(An inert wash gas carries the gaseous 
mixture through the sorption column). 
Liquid-Solid 
Chromatography 
(LSC) 
Liquid-Liquid 
Chromatography 
(LLC) 
Gas-Solid 
Chromatography 
(GSC) 
Gas-Liquid 
Chromatography 
(GLC) 
Column 
Chromatography 
Non-column 
Chromatography 
Normal phase 
Chromatography 
(Fixed polar liquids) 
Reversed phase 
Chromatography 
(Fixed non-polar liquids) 
Paper 
Chromatography (PC) 
Thin-layer 
Chromatography (TLC) 
Adsorption 
Chromatography 
Ion-Exchange 
Chromatography 
Gel Permeation or Gel Filtration or Gel 
Molecular Exclusion Chromatography 
It is a process in which a reversible stoichiometric interchange of ions of 
the same sign takes place between an electrolyte solution or molten salt and a solid 
phase as indicated below: 
2NaX + CaCbfaq.) ^=^ CaXs + 2NaCl(aq.) (1) 
2XCi +Na2S04 (aq.) ^=^ X1SO4.+2NaCi(aq.) (2) 
Equation (1) is a typical cation exchange reaction and equation (2) is a 
typical anion exchange reaction. In equations (1) and (2) 'X' represents a 
structural unit of the ion-exchanger; 'aq.' indicates that the electrolyte is in 
aqueous solution and solid phases are underlined. 
1.5 History of Ion-Exchange: 
Many million years ago, ion-exchange phenomenon had occurred in 
various sections of the globe. For example, potassium and lithium ions of petalite 
of pegmatite veins had been replaced with rubidium and cesium ions of stepwisely 
coming fluid from the magma. This is nothing but ion-exchange phenomenon 
between minerals like petalite (solid phase) and fused salt fluid (liquid phase) [I]. 
Ion-exchange has been playing a very important role during the courses of 
weathering. Aqueous rocks, clay rocks, and soils are very effective ion-
exchangers. Ever since the life was created in the sea, ion-exchange has been 
giving the essential motive forces to life and its evolution through the bio-
membranes between living organs and outside matters. In Egypt and Greece as 
well as in China, ancient people were clever enough to use some soil, sand, natural 
zeolites and plants as the tools for improving the quality of drinking water, 
desalting or softening. They did not know anything about ion-exchange. 
Nevertheless, they had experiences enough to use them as water softener or 
desalter. The reference of ion-exchange can be found in the Holy Bible also, 
which establishes Moses' priority in this field. About a thousand years later, 
Aristotle [2] suggested filtration of sea water through a certain type of soil, which 
removes part of its salt content. After that, only scarce references are found until 
around 1850, Thompson [3] and Way [4,5] discovered base exchange in soils. 
Later on, Lemberg [6,7] and Wiegner [8] identified clays, glauconites, zeolites and 
humic acids responsible for the ion-exchange phenomenon in soils. Harm and 
Rumpler [9] synthesized the first aluminosilicate based ion-exchanger in 1903, 
while Folin and Bell [10] first applied a synthetic zeolite for the collection and 
separation of ammonia from urine. The industrial production and technical 
applications of ion-exchangers were however studied by Gans [11,12]. The ion-
exchange materials may be organic or inorganic in nature as discussed below: 
1.6 Organic Ion-Exchangers: 
Organic ion-exchangers, commonly known as 'ion-exchange resins', are 
known for their uniformity, chemical stability and high mechanical strength. They 
consist of an elastic, three dimensional network of hydrocarbon chains which carry 
fixed ionogenic groups .The charge of the groups is balanced by "mobile" counter 
ions. The resins are cross-linked poly electrolytes which are insoluble, but can 
swell to a limited degree .The ion- exchange behaviour of the resins depend 
mainly on the nature of the fixed ionogenic groups. Organic ion-exchangers may 
be 'natural' or 'synthetic'. Sulphonated coal is an example of natural organic ion-
exchanger. Synthetic organic ion-exchange resins are superior to other materials 
because of their high chemical stability, high mechanical stability, high ion-
exchange rates, high ion-exchange capacity and versatility. The most important 
synthetic organic resins are of polystyrene and divinyl benzene type. Copolymer 
product of styrene and divinyl benzene is responsible for cross-linking which can 
be shown as: 
CH = CH. 
d 
CH = CH2 
Maintained temperature and pressure 
+ Q Copolymerization 
Styrene 
(mono vinyl 
benzene) 
CH = CH2 
p-divinyl 
benzene 
CH CHQ CH CHQ' 
o e. 
•CH—CH2—CH—CH2 — CH—CH2 
n 
— CH— CH. 
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Organic ion-exchangers may be cation exchanger and anion exchanger. 
Cation exchangers are further divided into strong acid cation exchanger and weak 
acid cation exchanger; and anion exchangers are further divided into strong base 
anion exchange resins and weak base anion exchange resins. 
1.6.1 (a) Cation Exchange Resins: 
Most of the earher cation-exchange resins were condensation products of 
phenol derivatives and aldehydes. Sulfonic (strong acid), carboxylic (weak acid), 
or phosphonic acid groups (intermediate acidity) are usually introduced into the 
phenolic component. However, sulphonated aldehydes have also been used. The 
most important cation exchangers are sulfonation products of cross-linked 
polystyrene (strong acid), and cross-linked copolymers of acrylic or methacrylic 
acid (weak acid). Phosphonic acid groups have also been introduced into 
polystyrene. 
1.6.1.1 Strong Acid Cation Exchange Resins: 
These resins split neutral salts and convert them to their corresponding acid. 
R-SO 3 : H"+ NaCl -^ HCl + RSO 3 : Na" 
These resins can be regenerated with a strong acid such as H2SO4 or HCl. 
2R-S0 3: Na'+ H2SO4 -^ 2R-S0 3 : H^+ Na2S04 
The regeneration efficiency of these resins is 30-50%. 
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1.6.1.2 WeakfAcid Cation Exchange Resins: 
These resins cannot spht neutral salts but can remove cations associated 
with the water's alkalinity to form carbonic acid. 
O 0 
II II 
R-C-O": H^ + NaHCOa -^ R-C-O": Na^ + (H2CO3 -=^ CO2+H2O) 
These resins can be regenerated with any acid stronger than the functional group. 
O O 
R-C-O"; Na^ + H C l ^ R C-O": H^ + NaCl 
The regeneration efficiency of these resins is near 100%. 
Examples of cation exchange resin are Amberlite IR-120, Dowex 50, 
Nalcite HCR, Permutit Q, Duolite C-20 and C-25 and Lewatit S-100. A list of 
different cation exchange resins has been presented in Table 1.2. 
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Table 1.2 Cation Exchange Resins. 
Classification 
Strong acid 
Weak acid 
Active groups 
Sulfonic 
Methylene sulfonic 
Carboxylic 
Phosphonic 
Phenolic hydroxyl 
Structure 
-Qy-so:.n^ 
-CH2S0 3H^ 
-CH2-CHCH2 
1 
coo H"^  
-Q^?o,'-u: 
- Q - O - H ^ 
1.6.2 Anion Exchange Resins: 
Most of the earlier anion exchange resins were condensation products of 
aromatic or aliphatic amines and aldehydes, dihaloparaffms, or haloepoxides 
(epichlorohydrin). Most of these resins contain primary, secondary and tertiary 
amino groups and are weak base and polyfiinctional materials. The most important 
anion exchangers are cross-linked polystyrenes into which strong or weak base 
groups have been introduced by chloromethylation and subsequent amination. 
Reaction with tertiary alkyl amine gives strong base quaternary ammonium 
groups, and reaction with primary or secondary alkyl amine or ammonia gives 
weak base amino groups. 
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1.6.2.1 Strong Base Anion Exchange Resins: 
These resins split neutral salts and convert them to their corresponding 
base. 
R-NRg :^ OH" +NaCl -^ R-NR3': CV +NaOH 
R-NRs^: OH- + HCl -^ R-NRj^: CI" + H2O 
These resins can be regenerated with NaOH. 
R-NR3^-Cr+NaOH ^ R-NR3^:0H +NaCl 
The regeneration efficiency of these resins is 30-50%. 
1.6.2.2 Weak Base Anion Exchange Resins: 
These resins cannot split neutral salts but they can remove strong acids by 
adsorption. 
R-NH2 + HCl -^ R-NH2. HCl 
The resin is regenerated by treatment with excess 1 M NaOH solution or by 
NH3 solution. 
R-NH2.HCI + NaOH ^ R-NH2 + H2O + NaCl 
The regeneration efficiency of these resins is near 100%. 
Examples of anion exchange resin are Amberlite IR-45, Dowex 3, Nalcite 
WBR, Duolite A-14. A list of different anion exchange resins has been presented 
in Table 1.3. 
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Table 1.3 Anion Exchange Resins. 
Classification 
Strong base 
Weak base 
Active groups 
Quaternary 
ammonium 
Primary amine 
Secondary amine 
Tertiary amine 
i.Aromatic matrix 
ii.Aliphatic matrix 
Structure 
^fVcH. 
OH-[N(CH3)3]' 
[(CH3)2](C2H40H)N]'OH-
^ ^ ^ ^ C H 2 N H 2 
—r^^^^CHjNRH 
- [ f j p C H j N R s 
CH.CH2.NCH2 
OH CH2 
1.7 Inorganic Ion-Exchangers: 
Inorganic ion-exchangers may be classified as natural and synthetic. 
Natural inorganic ion-exchangers are naturally occurring, such as soils, clays, 
minerals, natural zeolites, etc. Synthetic inorganic ion-exchangers are produced by 
combining oxides of III, IV, V and VI groups of periodic table. Inorganic ion-
exchangers are important for their good stability towards temperature, oxidizing 
solutions and ionizing radiations. A large number of inorganic ion-exchangers are 
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prepared by mixing phosphoric, arsenic, molybdic, antimonic and vanadic acids 
with Ti, Zr, Sn, Th, Ce, Cr, Nb, Bi, Ni, Co and Ta. Amongst the most important to 
be mentioned are synthetic zeohtes, heteropolyacid salts, hexacyanoferrates, 
hydrous oxides and acid salts of polyvalent metals. A list of principal classes of 
inorganic ion-exchangers both natural and synthetic is given in Table 1.4. 
Table 1.4 Principal Classes of Inorganic Ion-Exchangers. 
S.No. 
1. 
2. 
3. 
4. 
5. 
6 
7. 
8, 
9. 
Type 
Smectite clays 
Zeolites 
Substituted 
aluminum 
phosphates 
Hydrous oxides 
Group IV 
phosphates 
Other phosphates 
Condensed 
phosphates 
Heteropoly-
acids 
Ferrocyanides 
Example 
Montmorillonite 
Nax (A102)x (Si02)y Z.H2O 
Silico alumino phosphates 
(M/^ Ali.,02) (PO2) (0H)2x/n 
Si02.xH20 
Zr02.xH20 
Zr (HP04)2. H2O 
Uranium phosphate 
NaPOa 
M„ X Y12 O40. nH20 
(M = H^ Na\ NH4'; X =P, 
As...; Y = Mo, W) 
M:;„ Fe (CN)6 
Exchange capacity 
meq g"^  
0.5-1.5 
3-7 
Depends upon value 
of X 
1-2 
4-8 
8 
0.2-1.5 
1.1-1.6 
Contd. 
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10. 
11. 
12. 
13. 
14. 
Titanates 
Apatites 
Anion 
exchangers 
Miscellaneous 
types 
Fast ion 
conductors 
Na2TinO2n+i(n=2-10) 
Ca,o-xH,(P04)6(OH)2.x 
Hydrotalcite 
Alkaline earth sulphates 
P-alumina, NASICON 
2-9 
2-4 
1.5-3 
2-7 
1.8 Revival of Inorganic Ion-Exchangers: 
Although organic resins have wide applications in analytical chemistry 
because of their high stability in a wide range of pH, reproducibility in results, the 
main drawback has been their unstability under conditions of high radiation and 
elevated temperatures. This was the reason why an interest in the synthesis and 
ion-exchange properties of inorganic ion-exchange materials was developed. 
Inorganic ion-exchangers are thus having good applications in the treatment of 
industrial and radioactive wastes and processing of radioisotopes in nuclear 
technology. They also have applications in determination and detection of metal 
ions in pharmaceutical and biological products, analysis of alloys and rocks and as 
ion-selective electrodes and packing materials in ion-chromatography. Thus, they 
are also important in environmental analysis [13]. In technical practice column 
operation (percolation through a filter bed) was used at an early stage. This 
principle was introduced into analytical chemistry by Whitehom [14], who used a 
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synthetic zeolite as a reagent for amines. In 1927 Bahrdt [15] published a method 
for the rapid estimation of sulphate in natural water. Certain organic materials with 
ion-exchanging properties have been known for a long time. Among cation 
exchangers the foremost, cellulose, has been thoroughly studied. Kullgren [16] 
showed that unbleached sulfite pulp contained sulfonic acid groups of a strongly 
acid character. Sulfonic acid groups are firmly attached to the pulp, whereas the 
corresponding hydrogen ions are dissociated and may be exchanged for other ions. 
Organic ion-exchangers for technical use were described during the 1930's in 
many patents. Cation exchangers produced by the sulfonaton of coal found 
technical applications, and cation exchange resins were later obtained. The basic 
patent concerning these resins was taken out in 1935 by Adams and Holmes [17]. 
These workers are also the originators of anion exchange resins, which are to be 
recognized as insoluble resins containing basic groups, for example, amino groups 
having the ability to form salts with common acids. 
Synthetic inorganic ion-exchangers have been studied quite extensively. 
Kraus [18,19], Amphlett [20,21], Clearfield [22,23], Alberti [24], Inoue [25] and 
Abe [26] are the pioneers in this field. In India, Qureshi [27-30] and coworkers 
started this work in early sixties. Later on De et al. [31-35], Tandon et al. [36-40], 
Rawat et al. [41], Varshney et al. [42-46] and others took up the researches in this 
highly promising area and found some encouraging and useful results particularly 
in the environmental analysis. Important advances in the field of synthetic 
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inorganic ion-exchangers have been reviewed by a number of workers at the 
various stages like Fuller [47], Vesely and Pekarek [48], Clearfield [49-50], 
Qureshi and Varshney [51], Varshney and Mohammad [52], Varshney [53] and 
others. 
Much of the earlier work has been done on zirconium phosphate. Rapid 
precipitation of zirconium phosphate yields an amorphous gel. Under different 
conditions of synthesis such as temperature, rate of mixing, mole ratio of reactants 
added, the phosphate to zirconium ratio in the ion exchange capacity of the 
products varies from less than 1 to 2 in addition to their structure and composition. 
These differences are responsible for the varied behaviour, exhibited by different 
preparations. 
Zirconium phosphate (PO4: Zr = 2) is obtained as a gelatinous amorphous 
precipitate when an excess of phosphoric acid or soluble phosphate is added to a 
soluble zirconium salt. De Boer [54] represent this compound as a monohydrogen 
phosphate, Zr (HP04)2. However, other workers [55,56] considered it unlikely that 
a zirconium rather than a zirconyl salt would precipitate from aqueous solution 
and hence, represented the compound as ZrO (H2P04)2. 
Blumenthal [56] proposed the following structural formula for zirconium 
phosphate (Fig. 1.1) to account for its behaviour as an acid. 
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HOH 
Paterson [57] has described the structure of zirconium phosphate as 
represent in (Fig. 1.2). 
Fig. 1.2 
According to this, H^ of the OH groups are the exchangeable 
protons. Baetsle and Pelsmaekers [58] suggested the following 
structure (Fig. 1.3). 
OPO3H2 OPO 
'H2O 
— zr— 0 — 
3H2 OH 0 
H,0 y 
r — 0 — Z r — 0-
H7O OYL 
OH OPO3H2 OPO3H2 
Fig. 1.3 
0 
n 
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Here also exchange can take place at the hydroxyl groups. Nancollas and 
Pekarek [59] proposed the following formula for crystalline zirconium phosphate 
(Fig. 1.4). 
HOH 
Fig. 1.4 
They represented the semi crystalline zirconium phosphate by the formula 
(Fig. 1.5). 
HOH 
OH 
Fig. 1.5 
The structure of crystalline a - zirconium phosphate was solved by 
Clearfield and Smith, a - zirconium phosphate has a layered structure [60,61]. The 
metal atoms lie very nearly in a plane and are bridged by phosphate groups. These 
are situated alternately above and below the metal atom plane. Three oxygen 
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atoms of each phosphate group are bonded to the three different zirconium atoms, 
which form a distorted equilateral triangle. Each zirconium atom is thus 
octahedrally coordinated by oxygens. Each of the phosphate oxygens which is not 
bonded to zirconium bears a proton. An idealized picture of a portion of the layer 
is shown in Fig. 1.6. 
Fig. 1.6 Idealized layer in the a-ZrP structure showing realtionship of 
pseudohexagonal cell (dashed lines) to the monoclinic cell (solid 
lines). 
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Clearfield and Stynes [62] demonstrated that zirconium phosphate could be 
crystallized. Subsequently, single crystals were grown and the structure of the a-
polymorph of zirconium phosphate determined [60,61,63]. This permitted the 
observed ion-exchange behaviour to be explained on the basis of structural 
concepts. Very recently the crystal structures of the Na^ and K^ forms of a-
zirconium phosphate have been solved and a mechanism for the exchange process 
proposed [64-66]. 
Lately much interest has been developed in the synthesis and 
characterization of pillared inorganic materials and organic-inorganic hybrid 
structures arising from alteration of layered exchangers. The main advantage of a 
pillared structure is that it allows ready access of large ions and complexes to the 
interior due to the increase in the interlayer distances and pore sizes. This is very 
much useful in radioactive waste cleanup. A large number of radioactive species 
can be exchanged into the pillared materials and then permanently sealed by 
heating to high temperatures. Also the size of the pores can be controlled by 
altering the charge on the pillaring cations. Exchange of cations into pillared 
materials can change their catalytic properties. 
The intercalating properties of these compounds were fu:st discovered in 
1965 by Michel and Weiss [67,68] whose contributions in the field of intercalafion 
chemistry are widely known. In the process of intercalation, schematically 
presented in Fig. 1.7, neutral polar molecules are inserted between the sheets of a 
23 
layered insoluble compound. The process will occur if some concomitant factors 
are satisfied; in particular: 
1. The interactions of the guest molecules with the host matrix must be 
stronger than the mutual interactions of the molecules with themselves (if 
they constitute the liquid phase) or with the solvent molecules (if they are 
dissolved). Thus the surface of the layers of the intercalating agent should 
possess active sites (or groups that can act as Bronsted acid, Lewis acid, 
etc., or that, generally, have a polar character) with which the guest 
molecules can interact. 
2. The layers must spread apart to accommodate the guest molecules. Thus, 
interlayer bonding must be weak and the stacking of the layers should be 
such as to not create steric hindrance to the free diffusion of the molecule. 
Owing to the steric hindrances the intercalation process requires an 
activation energy. When the number of molecules taken upper formula unit 
of intercalating agent is equivalent to the number of the active sites present, 
intercalation compounds with stoichiometric composition are obtained. 
Stoichiometric compounds are not formed if the cross diameter of the guest 
molecule exceeds the free area around the active sites; a "covering effect" 
of adjacent sites by the guest molecule may in fact take place and sites, 
partially or completely covered, are unavailable to other molecules. 
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H20 H2O H2O 
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LO 
ON 
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Fig. 1.7 Schematic illustration of the intercalation of polar molecules between 
the sheets of a layered compound. 
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Studies on the intercalation behaviour of layered phosphates lead to the 
conclusion that various kinds of polar organic molecules can be adsorbed in the 
interlayer spaces of a-(a-Zr(HP04)2.H20) and y- (Y-Zr(HP04)2.2H20) phases of 
zirconium phosphate (Fig. 1.6 & 1.8). Initially it was thought that y-ZrP consisted 
of a-ZrP-type layers which were shifted so as to be directly above each other 
rather than staggered as in a-ZrP. However, unit cell dimensions and density data 
indicate a different layer arrangement. It was suggested that the difference lies in 
the possibility that the phosphate groups act as both bidentate and monodentate 
ligands. A structural model based on this idea is presented in Fig. 1.8. 
The organic molecules are held between the layers or with weak bonds 
(hydrogen bonds or Van der Waals interactions) or with stronger interactions of an 
ionic type. It seemed of interest to various authors to obtain compounds in which 
organic groups are covalently bonded to the macro-anions constituting the layers 
of the insoluble acid salts. In a series of papers Yamanaka and coworkers [69-72] 
reported the reaction between y-Zx (HP04)2.2H20 and ethylene or propylene 
oxide. 
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<ii 
l a y e r e d c o m p o u n d 
ac t ive s i te 
i n t e r c a l a t i o n c o m p o u n d 
Fig. 1.8 Schematic structural model for y-ZrP according to Yamanaka. 
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1.9 Hybrid Ion-Exchangers: 
There is currently high interest in synthesizing mixed materials 
(organic/inorganic) where features of the organic and inorganic components 
complement each other leading to the formation of new solid-state structures and 
materials with new composite properties. Some examples of recent interest are 
inorganic solids with organic intercalates [73], zeolites and open framework host 
materials with organic guests [74] and thin film heterostructures built up from 
alternating layers of organic polyelectrolytes and colloidal inorganic polyanions 
[75,76]. New inorganic lattice structures are formed, resulting from cooperative 
interactions between the organic and inorganic components. In all cases, there is 
promise of developing new materials with properties not seen in purely organic or 
purely inorganic solids. 
Hybrid organic-inorganic compounds are novel multifunctional materials 
that offer a wide range of interesting properties. This new field of materials 
science is expanding rapidly. Several international meetings are now devoted to 
this promising area of research and many review papers have been published [77-
89], 
Hybrid ion-exchangers are prepared as a new class of ion-exchangers by 
incorporation of a polymeric material into inorganic ion-exchange materials. They 
can be prepared as three- dimensional porous materials in which layers are 
crosslinked or as layered compounds containing sulfonic acid, carboxylic acid or 
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amino groups. The various types of inorganic and hybrid ion-exchangers which 
were prepared earlier are listed in Table 1.5. 
The reactivity of both organic and inorganic precursors are usually quite 
different and phase separation tends to occur. The properties of hybrid materials 
do not depend only on organic and inorganic components but also on the interface 
between both phases. The general tendency is therefore to increase interfacial 
interactions by creating an intimate mixing, or interpenetration between organic 
and inorganic networks. Moreover, the formation of chemical bonds between 
organic and inorganic species would prevent phase separation, allowing the 
synthesis of molecular composites or organic-inorganic copolymers. Hybrid 
materials can thus be divided into two classes [79]. 
> Class I corresponds to hybrid systems in which weak interactions such as Van 
der Waals forces or hydrogen bonds or electrostatic interactions are created 
between organic and inorganic phases. This class involves mainly small 
organic species embedded within an oxide matrix. 
> Class II corresponds to hybrid compounds where both organic and inorganic 
components are bonded through strong covalent chemical bonds. 
Hybrid organic-inorganic materials open up a land of opportunities for 
materials science. These nanocomposites bridge high temperature materials such 
as glasses and ceramics with very fragile species such as organic compounds or 
biomolecules. 
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Table 1.5 A list of inorganic and hybrid ion exchangers prepared so far 
and their salient features. 
SI. No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
Material 
(I) Aluminium based exchangers 
Aluminium antimonate 
Aluminium vanadate 
Aluminium tripolyphosphate 
(II) Antimony based exchangers 
Antimomc acid 
Phosphoantimonic acid 
Phosphorous-antimony 
Silicon-antimony 
Antimony ferrocyanide 
Antimony-phosphorus-silicon 
(III) Bismuth based exchangers 
Bismuth tungstate 
Bismuth tellurate 
(IV) Cerium based exchangers 
Cerium phosphate 
Cerium-phosphate-sulphate 
Nature 
Amorphous 
Amorphous 
— 
Crystalline 
Glassy 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Micro-
crj'stalline 
Crs'stalline 
Crystalline 
Selectivity 
Ag(I), U02(II), Ba(II), 
Ti(IV) 
— 
— 
K(l), Li(l) 
Na(I),K(I),NH4 (I)Ag(I) 
— 
— 
Sr(II) 
Cd(ll),Li(l),Na(I),Mg(II), 
Sr(II),Ba(Il) Y(III),La(III) 
Pb(Il) 
Cs(I),Rb(I),K(I),Na(I),Li(I) 
Cs(I),Na(I)As(I) 
Pb(II),Ba(II)Ag(I) 
Na(I),Ag(I),Sr(II), 
Ca(II).Cs(l) 
Reference 
[41,90] 
191] 
[92] 
[93,94] 
[95,96] 
[97] 
[98] 
[99] 
[100] 
[101] 
[102] 
[103-105] 
[106] 
[107] 
[108] 
Contd 
30 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
Cerium arsenate 
Cerium antimonate 
Cenum molybdate 
Cenum tungstate 
Cerium phosphosilicate 
Cerium selenite 
Cerium vanadate 
(V) Chromium based exchangers 
Chromium phosphate 
Chromium arsenate 
Chromium molybdate 
Chromium tungstate 
Chromium antimonate 
Chromium tellurate 
Chromium ferrocyamde 
Chromium arsenophosphate 
(VI) Cobalt based exchangers 
Cobalt antimonate 
Cobalt ferrocyamde 
(VII) Iron based exchangers 
Ferric phosphate 
Ferric arsenate 
Ferric antimonate 
Ferric tungstate 
Micro-
crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
— 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
— 
Hg(II) 
— 
Hg(II),Ti(IV) 
— 
— 
. 
K(I),Na(I),Li(I) 
Ca(II),Sr(n),Ba(II) 
Zr(IV),Hf(IV) 
Pb(II),Ga(in) 
Th(IV),Hf(IV) 
Pb(II),Co(II) 
-
Cu(II),Ag(I) 
K(I) 
— 
— 
Pb(II),Eu(III), Ga(III) 
K(I),Na(I),Li(I) 
Cd(II) 
Ce(IV) 
[109] 
[110] 
[111] 
[112] 
[113] 
[114] 
[115] 
[116] 
[117] 
[118] 
[118] 
[118] 
[118,119] 
[120] 
[121] 
[122] 
[123] 
[124] 
[125] 
[126] 
[127] 
[128] 
Contd 
31 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
Ferric ferrocyanide 
(VIII) Lead based exchangers 
Lead antimonate 
Lead tungstate 
Lead strontium phosphate 
(IX) Magnesium based 
exchangers 
Magnesium phosphate 
Magnesium trisilicate 
(X) Niobium based exchangers 
Niobium antimonate 
Niobium arsenate 
Niobium molybdate 
Niobium phosphate 
(XI) Tin based exchangers 
Stannic phosphate 
Stannic tungstoselenate 
Stanmc arsenate 
Stannic antimonate 
Stanmc molybdate 
Stanmc selemte 
Stannic tungstate 
Stanmc vanadate 
Stannic ferrocyanide 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Semi-
crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Ca(II) 
Pb(II),Cd(II) 
— 
— 
— 
Rare earth metals 
La(III) 
Na(I),Li(I),Cu(II). 
Zn(II),Ni(II),Co(II) 
Ba(II) 
Al(III),Ga(III), In(in) 
Cu(II),Ni(II),Co(II) 
Pb(II) 
Li(I),Na(I),K(I) 
Co(II),Ba(II),Ni(II) 
Pb(II),Mn(II), Cu(II).Sr(II) 
K(I),Na(I),Li(I) 
K(I),Ba(II),Na(I) 
[129] 
[130] 
[131] 
[132] 
[133] 
[134] 
[135] 
[136] 
[137] 
[138] 
[139] 
[140] 
[30] 
[141] 
[29] 
[27] 
[142] 
[143] 
[144] 
Contd 
32 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
Stannous ferrocyanide 
Stannic molybdosilicate 
Stannic molybdoarsenate 
Stannic pyrophosphate 
Stannic selenopyrophosphate 
Stannic tungstophosphate 
Stannic phosphosilicate 
Stannic tungstovanado phosphate 
Stannic selenophosphate 
Stannic tungstoarsenate 
Stannic vanadoarsenate 
Stannic vanadophosphate 
Stannic selenoarsenate 
Stannic vanadotungstate 
Stannic arsenoantimonate 
(XII) Tantalum based exchangers 
Tantalum phosphate 
Tantalum arsenate 
Tantalum antimonate 
Tantalum selenite 
Tantalum tungstate 
Tantalum sulphate 
(XIII) Titanium based exchangers 
Titamum phosphate 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Semi-
crystailine 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Cu(II),Ni(II), Mg(II),Mn(II), 
Y(in) 
Th(IV) 
— 
Zr(lV),Th(IV), Y(III),Bi(III) 
Ag(I),Pb(II),Sr(II),Zr(IV) 
Zn(II),Hg(II) 
Hg(II) 
— 
— 
— 
Ba(II),Cu(ri) 
Ba(II) 
Ba(II),Cu(II) 
— 
Al(III) 
Mg(II),Ba(II), Cd(II), Ni(II) 
Cs(I),Rb(I) 
Ba(II),K(I),Na(I) 
K(I),NH4(I),Na(I) 
— 
K(I),Y(III) 
K(I),Zn(II) 
— 
[145] 
[146] 
[147] 
[148] 
[148] 
[149] 
[43] 
[150] 
[151] 
[152] 
[153] 
[154] 
[155] 
[156] 
[157] 
[158] 
[159] 
[160] 
[161] 
[162] 
[163] 
[163] 
[68,164] 
Contd 
33 
76. 
11. 
78. 
79. 
80. 
81. 
82. 
83. 
84. 
85. 
86. 
87. 
88. 
89. 
90. 
91. 
92. 
93. 
94. 
95. 
Titanium arsenate 
Titanium antimonate 
Titanium molybdate 
Titanium tungstate 
Titanium selenite 
Titanium vanadate 
Titanium ferrocyanide 
Titanium arsenophosphate 
Titanium ferricyanide 
Titanium arsenosilicate 
Titanium molybdophosphate 
Titanium phosphosilicate 
Titanium tungstoarsenate 
Titanium tungstophosphate 
Titanium vanadophosphate 
(XIV) Thorium based exchangers 
Thorium phosphate 
Thorium arsenate 
Thorium antimonate 
Thorium molybdate 
Thorium tungstate 
Amorphous 
Amorphous 
Semi-
crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
— 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Pb(II),Cu(II),Ba(II),Sr(II), 
Zn(II),Cd(II) 
Rare earth metals 
Vo(II) 
Pb(II),Ba(II),Tl(I),K(l) 
Cs(I),Mg(II),Ca(II) 
Cd(n) 
SrdD 
Cs(I) 
— 
Rb(I) 
Pb(II) 
— 
— 
Zr(IV),Nb(V), Pu(IV),Cs(I) 
Pb(II) 
Th(IV) 
Rb(I),Cs(I),Ag(I) 
Pb(II),Fe(III), Bi(III) 
— 
— 
— 
Fe(III),Zr(IV),Pb(II) 
Cs(I),K(I),Na(I) 
Bi(III),Hg(II) 
[165] 
[166] 
[167] 
[168] 
[169] 
[170] 
[171] 
[172] 
[173] 
[174] 
[175] 
[175] 
[176] 
[177] 
[178] 
[179] 
[36] 
[180] 
[181] 
[182] 
[183] 
[184] 
[185] 
[186] 
Contd. 
34 
96 
97 
98 
99 
100 
101 
102 
103 
104 
105 
106 
107 
108 
109 
110 
(XV) Tungsten based exchangers 
Tungsto antimonic acid 
Tungsten ferrocyanide 
(XVI) Uranium based exchangers 
Uranyl hydrogen phosphate 
Uranium ferrocyanide 
(XVII) Zirconium based 
exchangers 
Zirconium phosphate 
Styrene supported zirconium 
phosphate 
Zirconium pyrophosphate 
Zirconium hypophosphate 
Zirconium polyphosphate 
Zirconium aluminium phosphate 
Zirconium arsenate 
Zirconium antimonate 
Zirconium molybdate 
Zirconium tungstate 
Styrene supported zirconium 
tungstophosphate 
Crystalline 
Amorphous 
— 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amoiphous 
Amorphous 
Amorphous 
— 
Cs(I),Rb(I),K(I) 
Cs(I),Rb(I),K(I), Na(I), 
Eu(III),Sr(II), Co(II), 
Ni(II),Zn(II), U02(II) 
Na(I),Ag(I),Ca(II), NH4(I) 
Sr(II),U02(II), Ce(III) 
— 
Cu(II),Ni(II),Ca(II),Na(I), 
Fe(lI),Mg(II) 
For multivalent metals 
Fe(III),Cu(II), Ca(n),Ba(II) 
Pb(II) 
Cs(I),K(I),Na(I) 
Na(I),K(I),Cs(I) 
Na(l),K(I),NH4(I). 
Rb(I),Cs(I),Li(I) 
— 
Cs(I),Rb(I),K(I),Na(I),Li(I) 
Hg(II) 
[187] 
[188] 
[189] 
[190] 
[191] 
[192] 
[193] 
[62] 
[194] 
[195] 
[196] 
[197] 
[198] 
[199] 
[200] 
[200] 
[201,38] 
[202] 
[203] 
[204] 
Contd 
35 
111 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 
129 
130 
131 
132 
133 
134 
Zirconium tungstophosphate 
Zirconium tellurate 
Zirconium oxalate 
Zirconium silicate 
Zirconium ferrocyanide 
Zirconium silicomolybdate 
Zirconium arsenophosphate 
Hydrous zirconium oxide 
Zirconium arsenophosphate 
Zirconium arsenosilicate 
Zirconium tungstoarsenate 
Zirconium titaniumphosphate 
Zirconium aluminopyrophosphate 
Zirconium arsenosilicate 
Zirconium molybdovanadate 
Zirconium molybdophosphate 
Zirconium phosphosilicate 
Zirconium phosphoiodate 
Zirconium selenite 
(XVIII) Miscellaneous acid salts 
Cesium zirconium phosphate 
Collidimum molybdoarsenate 
Copper ferncyamde 
Hafnium phosphate 
a-Hafnium phosphate 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
Amorphous 
Crystalline 
Amorphous 
— 
Amorphous 
Crystalline 
— 
Crystalline 
— 
Crystalline 
— 
— 
Amorphous 
Electron ion 
exchanger 
Crystalline 
— 
— 
— 
Amorphous 
Crystalline 
Cd(II) 
— 
Na(I),Cs(I),Rb(I), K(I) 
Th(IV),Sm(III), Cs(I),Sr(II) 
Li(I),Na(I),NH4(I) 
— 
— 
Bi(III) 
— 
— 
Ag(I) 
— 
— 
Al(III),Fe(III), Pb(II),Cd(II) 
Li(I),Na(I) 
— 
Pu(IV),Cs(I) 
Qualitative oxidation of 
Fe(II),Ti(III),As(III), 
Sn(II),Sb(III) 
— 
Tl(I),La(III) 
— 
Li(I) 
— 
[205] 
[206] 
[207] 
[208] 
[39] 
[209] 
[173] 
[210] 
[40] 
[211] 
[212] 
[213] 
[214] 
[215] 
[216] 
[176] 
[217] 
[218] 
[219] 
[220] 
[221] 
[222] 
[223] 
[224] 
Contd 
36 
135 
136 
137 
138 
139 
140 
141 
142 
143 
144 
145 
146 
147 
148 
149 
Lanthanum antimonate 
Lanthanum tungstate 
Molybdate ferrocyanide 
Nickel antimonate 
Pyndinium tungstoarsenate 
Tellunum antimony 
Vanadium ferrocyanide 
Zinc ferrocyanide 
Zmc uranyl phosphate 
Zinc uranyl phosphomolybdate 
Zirconium (IV) 
sulphosalicylophosphate 
Acrylomtnle based cerium (IV) 
phosphate 
Polyanilme Sn (IV) 
arsenophosphate 
Polyacrylomtnle thonum (IV) 
phosphate 
Polystyrene thorium (IV) phosphate 
Amorphous 
Amorphous 
Semi-
crystalline 
Amorphous 
— 
Amorphous 
Amorphous 
Amorphous 
— 
— 
— 
Amorphous 
— 
— 
Crystalline 
Hg(Il),Mg(II) 
— 
Cs(I) 
Bi(III) 
Rb(I),Cs(I) 
— 
Cs(I),Rb(I) 
Cs(I) 
— 
— 
— 
Hg(II) 
Pb(II) 
Pb(II) 
Cd(II) 
[225] 
[226] 
[227] 
[123] 
[228] 
[229] 
[230] 
[231] 
[232] 
[232] 
[216,218] 
[233] 
[234] 
[235] 
[236] 
Efendiev, Sultanov and coworkers [237] synthesized complex-forming ion-
exchangers having increased ion-exchange capacity with respect to transition 
metals by reacting polyethyleneamine with a transition metal salt solution, 
followed by crosslinking with N, N-methylenediacrylamide and removal of the 
metal from the crosslinked copolymer. IVlakarova, Ivanova and coworkers [238] 
suggested a method for the improvement of the production of ion-exchange 
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polyacrylonitrile fibres by treating freshly-spun roving with an alkaline agent with 
subsequent compression, washing and drying. Zr(Se03)2 was prepared and 
characterized as an ion-exchanger [239]. Its optimal capacity and stability were 
demonstrated over results at other stoichiometries. The capacity of the exchanger 
for alkali metal and alkaline earth metals was measured. Its selectivity was studied 
through quantitative separation of Zn-Pb, Cu-Pb and Hg-Pb and by calculation of 
partition coefficients of Mg, Ca, Sn, Th, Pb, Bi and 6 transition metals. Tsuji, 
Sugita and Abe [240] prepared a new crystalline hydrous lithium titanate (Lii.gi, 
HO.IQ) Ti205.2.H20, hydrothermally at 190° by a reaction of hydrous titanium di-
oxide with LiOH-solution. Harkins and Schweitzer [241] prepared site selective 
ion-exchange resins by copolymerization of styrenic monomers with metal ion 
complex compounds bearing polymerizable ligands. Varshney and Khan [242] 
suggested the method for the synthesis, characterization and analytical 
applications, exchange kinetics and thermodynamics of amorphous inorganic ion-
exchangers such as hydrous oxides, polybasic acid salts, insoluble metal 
ferrocyanides, heteropolyacid salts and stannic arsenate. Gong, Kuang and 
coworkers [243] suggested the method for the synthesis of phosphate ion-
exchangers and their applications in the catalysis of petrochemical industry, 
separation of radioactive isotopes from products of nuclear fission, metal recovery 
from sea-water, softening of industrial waters, and treatment of waste waters. 
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Sun and coworkers [244] studied that the ion-exchangers such as titanium-
phosphate-ammonium phosphomolybdate can be used as esterification catalysts in 
the preparation of aspirin. Yu, Sun and coworkers [245] proposed the method for 
the synthesis and XPS study of titanium phosphate-ammonium tungstophosphate. 
A new complex inorganic ion-exchanger, zirconium - stibopyrophosphate -
ammonium molybdophosphate (ZrSbPa-AMP) [246] was synthesized. The 
complex was investigated by thermal analysis, electron microscopy, IR 
spectrometry and chemical analysis, chemical composition and some related 
properties of the ion-exchanger were reported. The ion-exchange behaviour of the 
ion-exchanger was also studied in detail on Na ,^ K ,^ Cs^, Cu^^ , Zn ,^ Pb ,^ Sr ^  
and Al^ .^ The complex inorganic ion-exchanger showed high ion-exchange 
capacity. Yu and Sun [247] also proposed a method for the synthesis and 
characterization of inorganic ion-exchanger titanium phosphate-ammonium 
tungstophosphate. Sun and coworkers [248] studied the new complex inorganic 
ion-exchanger titanium-pyrophosphate-ammonium molybdophosphate. 
The exchangers are obtained by firing composite gel prepared from a 
mixture of organic metal compound containing solution and ion-exchange 
inorganic powder by sol-gel process [249]. The method for the preparation of 
CaSiOs containing ion-exchangers by hydrothermal treatment of burned waste 
paper sludges was suggested by Nagasawa, Yoshimura and coworkers [250]. 
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Boichinova, Nikolaeva and coworkers [251] determined the optimal 
conditions for synthesis of ion-exchanger TFT's from zirconium (IV) chloride 
oxide. Boichinova, Safma and coworkers [252] studied the kinetics of sorption of 
copper (II), cobalt (II) and nickel (II) ions on zirconium aluminopyrophosphate, 
organic ampholytes and AN-31 anion exchanger. The mecharusm and selectivity 
of ion-sorption by zirconium-based inorganic ion-exchangers was studied by 
Boichinova and coworkers [253]. Bondarenko and Boichinova [254] studied the 
effect of synthesis conditions on the properties of the inorganic electron ion-
exchanger zirconium silicomolybdate. 
Oliveira and coworkers [255] suggested the methods for the synthesis, 
characterization of amorphous titanium (IV) phosphate exchanger through 
elemental, analytical, IR and TGA techniques. Singh and Lal [256] prepared and 
studied the properties of Iron (111) tungstophosphate by IR spectrophotometry, 
thermogravi-metric analysis and pH-titration. Zirconium phosphates or 
phosphonates, whose compounds have the general formula Zr(03PR)2, can be 
obtained in crystalline forms with various layered structures [257]. The 
preparation and characterization of two-dimensional zirconium phosphonate 
derivatives were investigated. Two composite zirconium phosphonates in a single-
crystal phase were also investigated and characterized by X-ray diffraction and '^ C 
and ^'P-magic-angle spinning NMR. These compounds are lamellar structures 
comprising zirconium phosphates or organophosphonates. Each layer consist of 
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planes of zirconium-bridged through phosphonate groups that alternate above and 
below the zirconium atom planes, oriented away from the basal surfaces in a 
bilayered fashion in the interlayer region. The catalytic performance over 
zirconium phosphonates was evaluated by esterification of acetic acid. When the 
composite zirconium phosphonate includes an acidic function and a hydrophobic 
function in the single-crystal phase, the catalytic activity was higher than that of 
single-acidic-function zirconium phosphonate. The composite materials become 
accessible to any reactant molecule, and their hydrophobicity improves. 
Oosumi, Sugiura and coworkers [258] suggested the method for the 
manufacture of crystalline zirconium phosphate. Chen, Ye, and coworkers [259] 
prepared magnetic polystyrene resins by suspension polymerization with the 
addition of y-FcaOa into the styrene divinylbenzene prepolymer. The topotactic 
exchange reactions of y-zirconium phosphate and y-zirconium-phosphate methyl 
phosphonate with phosphonic acids derived from azacrown ethers of different 
sizes was examined. Prior intercalation of hexylamine was necessary in most cases 
to attain the maximum exchange level predicted by molecular modeling. Materials 
with imbricated or non-imbricated layers were obtained depending on crown size 
and exchange level. Exchange of methyl phosphonates in y-zirconium 
phosphate/methyl phosphonate was only observed when hexylamine had 
previously been intercalated. The exchange with the biphosphonic acid derived 
from l,10-diaza-[18j-crown-6 gave a material with an interlayer distance 
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compatible with pillaring of the y-phase. The materials obtained from the 
exchange reactions of y-zirconium-phosphate with phosphonic acids derived from 
[12] crown-4-and [18] crown-6 showed thermodynamic selectivities towards Na"^  
and K^ respectively, that were much higher than those observed for the simple 
crowns in solution. The inorganic molecular framework enhances molecular 
recognition by minimization of solvation effects [260]. Nabi, Usmani and Rahman 
[261] synthesized samples of Zr (IV) iodophosphate under varying conditions at 
pH-1. The most chemically and thermally stable sample is prepared by adding a 
mixture of aqueous solutions of 0.1 M potassium iodate and 0.1 M Zr oxychloride. 
Its i.e.c for Na* is 1.78 meq dry g" exchanger. The material was characterized 
from chemical composition, FTIR, TGA and DTA. The effect of heating on the 
exchanger at different temperatures on the exchange capacity also was studied. 
The sorption behaviour of important metal ions in HCl-DMSO system was 
studied. A number of analytically important metal ion separations was achieved. 
The practical utility of these separations was demonstrated in the analysis of 
antacids drug samples. Wakamatsu, Sakurai and coworkers [262] suggested a 
method for the manufacture of ion-exchangers and removal of multicharged 
anions with the ion-exchangers. Samples of zirconium phosphate have been 
synthesized by zirconium building up on colloid particles of aluminium hydroxide 
followed by H3PO4 or Na3P04 treatment. Adsorption structure properties of these 
samples have been studied and the samples containing built up zirconium 
phosphate have been shown to possess a good developed pore structure 
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and specific surface. It has been established that structure parameters of zirconium 
phosphate are changed with carrier structure changing due to duration of 
hydroxide precipitation. Such pore phosphates can be used not only as ion-
exchangers but as catalysts of oxidizing dehydration and a number of other 
catalytic processes as well [263]. 
Layered sodium zirconium arsenate ZraOs (NaAs04).3H20 was prepared by 
the reaction between Zr(0Pr)4 and sodium arsenate in alkaline media (pH > 12) 
under mild hydrothermal conditions (180-200 ). Two hydrogen forms of the 
zirconium arsenate (¥-ZrAs) ZrsOg (HASO4). SHjO and ZrsOg (HASO4). H2O, 
were prepared by acid treatment of the sodium form. The intercalation of n-
alkylamines into the ^-ZrAs from the gas phase was studied. The synthesized 
materials were characterized by elemental analysis, TGA, IR spectroscopy and 
powder X-ray diffraction. The zirconium arsenate is isostructural to ^^-ZraOs 
(HPO4). nH20 (n=0.5,1.5). The new compounds exhibit high hydrolytic stability 
in alkaline media. The ion-exchange behaviour of the ^-Zr203 (HAs04).3H20 
towards alkali, alkaline earth, and some di and trivalent metal cations in different 
solutions was studied over a wide pH-range (2-14) by the batch technique [264]. 
Anion exchange properties were studied for Ti and Zr phosphates. The effects of 
exchanger chemical state, extent of aging, nature of the anion, and medium acidity 
on the effectiveness of anion sorption were studied. Comparison of data for 
P04', SO4" and CrjO,' and also Co^ ^ sorption show that exchangers with low 
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phosphorus content have amphoteric properties, 2-4 mg/equiv./g anion exchange 
capacity and 3-5 mg/equiv./g cation exchange capacity [265]. Grafova, Bortun and 
coworkers [266] studied the non-traditional use of new inorganic ion-exchangers 
as functionally graded sorbents. 
Pandit and Chudasama [267] suggested a method for the synthesis, 
characterization and application of a derivatized acid salts of tetravalent metal: o-
chrolophenol anchored onto Zr-tungstate. Beena and Chudasama [268] proposed 
a comparative study of the Broensted acidity of zirconium phosphate and 
Zr-phenyl phosphonate. 
Liang [269] prepared an amphoteric ion-exchange resin which can be used 
for decolorizing and iron removing purposes and is a condensation polymerization 
product of m-phenylenediamine, resorcinol and formaldehyde. A porous resin 
loaded with monoclinic or cubic hydrous zirconium oxide was prepared by 
incorporation of ZrOCb.SHaO into porous spherical polymer beads followed by 
hydrolysis and hydrothermal treatment of the zirconium salt. Hydrous zirconium 
oxide appeared to deposit inside the pores with relatively large diameter. The 
adsorption capacity and distribution coefficients for As (III) and As (V) were 
determined by batch procedures. The hydrous zirconium oxide loaded resin (Zr-
resin) showed a strong adsorption for As (V) at slightly acidic to neutral pH-region 
while As (III) was favorably adsorbed at pH-around 9 to 10. The removal of low 
concentrations of arsenic from the model effluents to meet the demand of Japanese 
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industrial effluent standard (0.1 ppm) was successfully achieved by the column 
operation packed with the Zr-resin. The Zr-resin was regenerated by treatment of 
the colunm with 1 M sodium hydroxide followed by conditioning with 0.2 M 
acetate buffer solution. The amount of zirconium leached out during the 
adsorption and regeneration cycles was neghgibly small and the colunm can be 
used repeatedly [270]. 
Qureshi, Asif and coworkers [271] suggested a method for the synthesis 
and characterization of Zr (IV) 4-amino, 3-hydroxy naphthalene sulfonate ion-
exchanger: quantitative separation of mercury from numerous metal ions. Qureshi 
and coworkers [272] also proposed a method for surface interaction of 
ethanolamine with hydrous Zr (IV) oxide gel: characterization and separation of 
some anionic species by colunm chromatography. A new ion-exchanger phase, 
saw dust based zirconium (IV) tungstophosphate was synthesized and 
characterized with the help of ion-exchange, elemental analysis, IR and TGA 
studies. Its chemical stability was checked both in acidic and alkaline media. 
Kinetics of exchange of alkaline earth metal ions on this material was also studied 
to understand its exchange behaviour [273]. Kubica and coworkers [274] proposed 
a method for the sorption of Hf, Zr, and Nb on organic and inorganic ion-
exchangers from mineral acid solutions. Sarkar and Basu [275] suggested the 
method for the preparation of zirconium tungstate and liquid chromatographic 
separation of metal ions. Abe and coworkers [276] proposed a method for the 
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comparative study of lithium recovery from sea water with various inorganic ion-
exchangers. Mc Garvey and coworkers [277] suggested a method for removal of 
toxic heavy metals from industrial wastewater by selective ion-exchange resins. 
Mc Garvey and coworkers [278] described the production of water for the semi-
conductor industry through ion-exchange processes. Lobo and Turel [279] studied 
the adsorption and radiochemical separation of Zr (IV) from other elements, 
employing Zr-phosphate ion-exchanger. They also developed a method for 
adsorption and radiochemical separation of cesium (I) from other metal ions by 
absorbing it on Zr-phosphate ion-exchanger [280]. Chekhomova and coworkers 
[281] proposed a method for the extraction and separation of Samarium and 
neodymium on Zr-phosphate, serving as an inorganic ion-exchanger. 
Shakshooki and coworkers [282] proposed a method for selectivity of 
mixed zirconium-titanium phosphates toward transition metals. Shakshooki and 
Szirtes [283] studied the effect of gamma-radiation on amorphous mixed Zr-
titanium phosphates. Szirtes and coworkers [284] also studied the thermal 
behaviour of acidic salts of mixed tetravalent metals. III. Influence of gamma-
radiation on the thermal decomposition of mixed zirconium- titanium phosphates. 
Aboul-Magd and coworkers [285] investigated the studies on the esterification of 
1-propanol and 1-butanol with some organic acids using inorganic ion-exchange 
resin (zirconium- tungstate) as a catalyst. Hao and coworkers [286] studied the 
conductivity of a complex inorganic ion-exchanger-a-Zr-phosphate mixed with 
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silica. Ito and coworkers [287] proposed crystalline Zr-phosphates with zeolite 
like porous structures for ion-exchangers and other applications. Singh and 
Archana [288] proposed electrochemical studies on Zr-phosphate-kynar composite 
ion-exchange membrane system. Kociolek-Balawejdar [289] synthesized macro 
molecular disinfectants as a product of chemically modified ion-exchange resin 
which are to be used under specific conditions for potable water disinfection. 
Combustion by product fly ash was converted into zeolites which then can 
be used as ion-exchangers for waste treatment applications. The conversion 
process not only alleviates the disposal problem of large amounts of fly ash, but 
also turns fly ash into a useful material. Depending on the treatment temperature 
and chemical composition, zeolite A and faujasite were successfiiUy synthesized. 
The ion-exchange capacity of the treated fly ash was examined. The results show 
that the ion-exchange capacities of the treated fly ash in the forms of zeolite A and 
faujasite, respectively, for Cs ions relative to those of the commercial zeolite A 
and faujasite are 19% for zeolite A phase and 39% for faujasite phase [290]. 
Ajagekar and Rurel [291] proposed a rapid and selective method for the 
adsorption and radiochemical separation of thallium (I) from other elements by 
adsorbing it on Zr phosphosilicate as an ion-exchanger. Varshney and coworkers 
[235] suggested a method for the synthesis, characterization and analytical 
applications of lead (II) selective polyacrylonitrile thorium (IV) phosphate: a novel 
fibrous ion-exchanger. Suber and coworkers [292] reported the synthesis and the 
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comparative structural and morphological study of iron oxide nanoparticles in 
polystyrene-based ion-exchange resins and cellulose. Singh and Yadav [293] 
proposed a method for the synthesis and ion- exchange properties of Zr-
sulfosalicylate; a cobalt (II) selective ion-exchanger. Singh, Rawat and coworkers 
[294] prepared a new three component inorganic ion-exchange material Zr (IV) 
iodooxalate (ZIO). 
Out of a large number of the insoluble acid salts of polyvalent metals 
zirconium phosphate is probably the most exhaustively studied material, both in 
the amorphous and crystalline forms [220,295-298]. In electrodialysis 
applications, membrane of zirconium phosphate withstand conditions of 
temperature and pressure which causes deterioration to the organic resins. It is 
attractive for desalination applications [299-300] and for use in hydrogen-oxygen 
fuel cells [301-303]. Papers impregnated with zirconium phosphate have been, 
successfully, used for the rapid chromatographic separations of bivalent and 
tetravalent metal ions, and of amino acids and alkaloids [304]. The high selectivity 
of this salt for NH4 ions in presence of sodium ions has prompted the 
investigation of its use in artificial kidneys [305]. A systematic investigation in 
this field has resulted several new crystalline ion-exchangers other than zirconium 
phosphate. Cerium (IV) phosphate [105] and thorium (IV) phosphate [181] have a 
distinction of being the only insoluble acid salts having a fibrous structure. Fibrous 
inorganic ion-exchangers are very interesting because they can be used in the 
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preparation of inorganic ion-exchange papers, or thin layers suitable for 
chromatographic separations. These materials have also been employed for 
preparing inorganic ion-exchange membranes which are interesting both 
fundamentally and practically. Due to their high selectivity and stability these 
membranes have been used as selective electrodes where organic membranes fail. 
They can also be employed in fuel cells at high temperature. Ion exchange fibres, 
new materials, can be used in the form of various textile goods, such as cloth, 
conveyer belts, non-woven materials, staple, nets, etc. Ion exchange fibres can be 
used in the same chemical processes as conventional ion-exchangers since their 
chemical structure is similar. At the same time an unusual physical form opens 
new technological possibilities. Moreover, metal recovery from ores is not the 
only field for the use of ion-exchange fibres in hydrometallurgy, they can be used 
in waste water treatment, metal recovery from natural reservoirs and air 
purification from impurities of acidic or basic nature. The textile form of ion-
exchangers allow easily controlled movement of them in aqueous or gaseous 
media. Appropriate forms of ion-exchangers can be conveyer belts, nets, floating 
mats or those fixed in the water sfreams, etc. In all these cases there is no need in 
water pumping through the layer of ion-exchangers which is most important in 
freatment of large volumes of water in open reservoirs. Continuous sorption or 
desorption processes can be easily organized for the moving ion-exchange belts. 
Non-woven mats are convenient for gaseous processes where low resistance for 
air flows is basic requirement. An important advantage of fibrous ion-exchangers 
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is their extremely high osmotic stabiUty which allows using them in conditions of 
multiple wetting and drying occurring at cyclic sorption or regeneration processes 
in air purification. Ion-exchange fibrous materials open new technological 
possibilities for metal ions recovery, purification of waste water and treatment of 
water in natural reservoirs. Ion-exchange fibres have especially great advantage in 
air purification from acidic and basic impurities. FIB AN® ion-exchange fibres 
offer a collection of characteristics suitable for their practical application: high 
exchange capacity, chemical and osmotic stability, sufficient mechanical strength 
and elasticity, high rate of ion-exchange and sorption processes, high permeability 
of filtrating layers. Support free fibrous cerium (IV) phosphate sheets have been 
used for the chromatographic separation of inorganic ions [306] and have been 
found selective towards Pb (II), Ag (I) and Co (II). Recently, a possibility has also 
been explored to develop some organic-inorganic ion-exchangers [307]. Their 
inorganic matrix has a structure similar to that of the layers of a-Zr (HP04)2. H2O. 
Synthetic inorganic ion-exchangers have found applications in various 
fields [49]. Purification of coolant water in closed cycle reactor systems [308-
310], chemical separation of radioactive ions [311] and extraction of uranium from 
sea water using titanium oxide [312] are some of the examples to illustrate their 
use in nuclear field. Zirconium phosphate has also been used in portable renal 
dialysis systems [313], because of its high selectivity for NH4 ions. Production of 
spherical particles [314,315], precipitation of silica gel onto the zirconium 
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phosphate particle [316] and production of zirconium phosphate in a 
polytetrafluoroethylene (flouroplast) coating [317] are some of the attempts to 
improve the stability of zirconium phosphate. Inorganic ion-exchangers are also 
important in the field of water softening, as they are, generally, highly selective for 
common metal ions. Zirconium phosphate has been reported as a reagent used in 
detergents [318]. Its application in chromatography has been demonstrated by a 
gas chromatographic separation of anions [319]. Similarly, chlorohydrocarbons 
and mercaptans have been effectively separated on crystalline potassium 
zirconium phosphate [320]. Use as catalysts is another interesting feature of 
inorganic ion-exchangers. Since they are solid acids they may have potential 
application in titrations [321,322]. Alcohol dehydration [323,324] and one step 
synthesis process of methyl isobutylketone [325,326] can also be mentioned in this 
context. In addition to this a number of catalyzed oxidations have been reported 
such as butane to maleic acid [327], CO to CO2 [328] and oxidative waste water 
treatment [329]. Inorganic membranes are attractive from the standpoint of their 
stability towards acids, temperature and high radiation fields. They would permit a 
higher temperature to be used and higher efficiencies to be attained as compared to 
the organic resins [330]. In the field of corrosion also, inorganic ion-exchangers 
have found applications. Labody and Ronay [331] have shown that the corrosion 
was lower on a steel tube wrapped with a thin sheet of a hydrous oxide as 
compared to the one without the sheet. Adsorption behaviour of inorganic ion-
exchangers for pesticides is an important aspect of study which has so far been 
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lacking. The adsorption of pesticides on soil is affected by the presence of metal 
ions in soil as they have an important role in modifying its nutritional status. 
Inorganic materials possessing ion-exchange properties are known to be selective 
for various metal ions and hence their presence in soil may have some far reaching 
consequences for its more judicious use in field crops. An attempt has been made 
in this direction by studying the adsorption of carbofuran on antimony (V) silicate 
[332]. This study has indicated a highly enhanced adsorption of carbofuran on 
antimony (V) silicate as compared to soil. It may be true for other materials of this 
class too. Thus, inorganic ion-exchangers have multiphase applications. They can 
also be utilized as impregnants on papers and glass plates in planar 
chromatography. Further, they can be used as ion-selective electrodes and as 
packing materials in ion-chromatography in the environmental analysis. 
The main use of inorganic ion-exchangers is in the nuclear energy industry 
for the separation of selected nucleides from the wastes of reactor fuels, as they 
are superior in resistance to radiation and temperature increase as compared, to 
their organic counterparts. The additional qualities, which any ion-exchange 
material must possess in order to obtain wide applications may be summarized as 
follows: 
1. The material must be vutually insoluble in strongly acid or alkaline 
solutions as such media are often encountered in reprocessing work. 
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2. The exchanger should be physically hard enough to withstand mechanical 
stress. 
3. An ion-exchange material, for analytical applications, should have good 
ion-exchange capacity and differential affinity for several exchangeable 
ions. 
4. Its sorption and elution behaviour must be rapid so that column can be 
operated at reasonable flow rates. 
5. Its resistance to attrition must be good so that columns can be loaded and 
eluted many times without severe clogging or chaimelling. 
6. The exchanger molecular structure should be open and permeable to ions 
and solvent molecules so that they can move freely in and out, during the 
exchange process. 
7. The ion-exchanger must be of a reproducible behaviour so that a minor 
change in the method or material used for preparation does not cause major 
changes in its performance. 
8. Its selectivity for some metal ions must be high, so that, a convenient 
separation between different ions, or at least types of ions, can be affected 
by suitable variation. 
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9. If a separation is pH- dependent then the ions to be sorbed are able to 
compete successfully with the hydrogen ions for the functional groups 
within the available range of pH. 
10. Thermal stability is one of the most important requirements of a good ion-
exchanger. There are several important processes that occur at higher 
temperature. For such cases, the exchanger in use should be able to 
withstand the temperature of the reaction system. 
It follows from the number and purposes of the published works on the use 
of inorganic ion-exchange materials in analytical chemistry that their main 
application lies in their use for the selective separation and concentration of 
elements in various mixtures. They are and will be used intensively in 
combination with neutron activation analysis of biological and very pure 
materials. It is also clear from the above that inorganic ion-exchangers are still the 
flourishing materials possessing a potential of showing many novel apphcations. 
The protection of the environment and health protection require strict limits on the 
concentrations of the heavy metals and radioisotopes in the hydrosphere. The 
analyst must often determine the studied element that is highly diluted in a large 
volume of water or air. It is often necessary to treat a large amount of sea or river 
water or complex industrial effluents with high salt contents. The use of suitable 
inorganic ion-exchange materials with high selectivity for the studied elements 
often facilitates their concentration and separation, which are necessary for 
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successful determination. It is thus necessary to employ materials with suitable 
sorption properties, high selectivity, and high chemical and mechanical stability. 
Inorganic ion-exchange materials can be especially useful in this field. 
In view of the above our aim has been to develop some hybrid materials 
which may possess high stability both chemical and thermal and may show an 
excellent reproducibility in its ion-exchange behaviour. As a result acrylamide 
zircoiuum (IV) phosphate, pyridine zirconium (IV) phosphate and pyridine tin 
(IV) phosphate have been prepared which have shown promising ion-exchange 
characteristics. In the following chapters the synthesis, ion-exchange behaviour 
and characterization of acrylamide Zr (IV) phosphate, pyridine Zr (IV) phosphate 
and pyridine Sn (IV) phosphate have been described. The kinetic studies have also 
been made by taking acrylamide Zr (IV) phosphate and pyridine Zr (IV) and Sn 
(IV) phosphates as sample materials, which points to the possible mechanism of 
the ion-exchange occurring on the surface of the materials. Their utility in metal 
separations of industrial and analytical importance has also been explored 
successfully by achieving a large number of metal ion separations. 
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INTRODUCTION 
Chemical methods of synthesis play a crucial role in designing and 
discovering novel materials. Recent trends in material synthesis is to synthesize 
better materials, cheaper materials and materials through ecofriendly technologies. 
An important goal of materials research is the ability to design and synthesize, in 
high yields, new materials, whose structure and properties can be predicted, varied 
and controlled. 
Characterization of a material by various techniques gives us an idea about 
the properties and structure of the compound. This in turn gives us an insight 
about the probable applications that could be explored using the material. In the 
present study an attempt has been made to explore the use of tetravalent metal acid 
(tma) salts and their organic derivatives as an ion-exchangers. 
> Salient Features of Tetravalent Metal Acid (TMA) Salts: 
• Tma salts are cation exchangers possessing the general formula M (IV) 
(Hx04)2 .nHjO, where M (IV) = Zr, Ti, Th, Ce, Sn etc. and X = P, Mo, As, 
Sb, W etc. 
• The materials possess structural hydroxyl groups, the H of the OH being 
the exchangeable sites, due to which the material possesses cation exchange 
properties. 
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• Tma salts can be prepared both in amorphous and crystalhne forms that 
exhibit selectivity for certain metal ions 
• The materials possess granular nature and can be obtamed m a range of 
mesh sizes, very suitable for column operations 
• The materials are generally hard and range in physical appearance from 
totally opaque to transparent 
• These materials have shown a great promise m preparative reproducibility, 
ion-exchange behaviour, and stability towards thermal, chemical and 
lonizmg radiations 
The organic ion-exchangers are well known for their uniformity, chemical 
stability and for the easy control over their ion-exchange properties through 
synthetic methods Inorganic ion-exchangers have established their place m 
analytical chemistry due to their resistance to heat and radiation and their 
differential selectivity for metal ions In order to get a combination of these 
advantages and to mcrease the mterlayer distance of layered morganic ion-
exchangers so that large species or complexes could be exchanged, many hybnd 
type exchangers have been developed by mcorporation of a polymeric matenal 
mto morganic matrix, by way of piUarmg or by other non-piUarmg methods [1-5] 
Many new ion-exchange materials have been prepared and characterized 
which have proved to be highly promismg in environmental analysis Special 
mention may be made here of the various phosphates, silicates, arsenosihcates, 
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phosphosilicates etc. of the multivalent metals such as zirconium, tin and 
antimony. They have been found selective for heavy metal pollutants such as lead, 
cadmium, and mercury. These materials have been utilized for the separation of 
the heavy metals from synthetic mixtures as well as from real samples of the 
industrial effluents, pharmaceutical products, rocks and alloys. 
Especially useful are the salts of polybasic acids (phosphoric acid, tungstic 
acid etc.) with pol>^alent cations (Fe, Bi, Ti, Zr, Th etc.) which form polymer 
hydroxides. Due to the selective sorption properties, [6] chemical stability in acids, 
radiation, mechanical and thermal stability and relatively high exchanging 
capacity, zirconyl phosphate and tin phosphate became the main objects of 
interest. 
Zirconium based ion-exchangers have received attention because of their 
excellent ion-exchange behaviour and some important chemical applications in the 
field of ion-exchange, ion-exchange membranes, solid state electrochemistry and 
phase transition etc. They possess good stability towards temperature, ionizing 
radiatons and oxidizing solutions. 
The present study is an extension of our earlier studies [7-16] in this 
direction. An acrylamide zirconium (IV) phosphate (AAZrP), p>Tidine zirconium 
(IV) phosphate (PyZrP) and pyridine tin (IV) phosphate have been synthesized 
and characterized which have shown promising behaviour as ion-exchangers. 
They (AAZrP and PyZrP) have been found highly selective for Hg^^  and PySnP 
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has been found highly selective for Pb Both mercury and lead are the well-
known toxic metals, which enters the environment mamly through human 
activities Mercury can cause chronic pollution and lead poisonmg can produce 
brain damage Therefore, mercury and lead are potential pollutants m the 
envirormient The following pages summarize our such a study 
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2.1 EXPERIMENTAL 
2.1.1 Reagents and Chemicals: 
Zirconyl oxy chloride (ZrOCl2 8H2O) stannic chloride (SnCU 5H2O) and 
acrylamide (CH2CHCONH2) were the CDH (India) products, pyridine (C5H5N) 
was the Ranbaxy product while ortho phosphoric acid (H3PO4) was a Qualigens 
(India) product All other reagents and chemicals were of Analytical Reagent 
grade 
2.1.2 Preparation of the Reagent Solutions: 
Solutions of Zirconyl oxy chlonde, acrylamide, pyridme, phosphoric acid, 
stannic chloride and hydrogen peroxide were prepared m demmerahzed water 
(DMW) 
2.1.3 Synthesis of Acrylamide Zirconium (IV) Phosphate (AAZrP): 
A number of samples were prepared by addmg one volume of 0 05 M 
zirconyl oxy chloride solution in three volumes of a (1 1 1) mrxture of 0 1 M 
acrylamide, 2 M ortho phosphoric acid and H2O2 (0 5%) The pH of the resulting 
gel was mamtamed 0-1 by addmg concentrated HNO3 with constant stirrmg The 
resultmg slurry obtamed under these conditions was stirred for 2 h at a 
temperature of 70 ± S^ C, usmg a magnetic stirrer The resultmg slurry obtained 
was then filtered, and washed with demmerahzed water (pH~6) The material was 
fmally dried as usual at 45°C The dried gel was then cracked into small granules 
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by putting in DMW and converted into the H -^form by treating with 1 M HNO3 
for 24 h with occasional shaking and intermittently replacing the supernatant 
liquid with fresh acid. The material thus obtained was then washed with 
demineralized water to remove the excess acid before drying fmally at 45''C, and 
sieved to obtain particles of size 50-70 mesh. Tables 2.1 (a) and (a') give the 
experimental details of the synthesis of the various samples of the material. Thus, 
on the basis of its ion exchange capacity sample 1 of Table 2.1 (a') is selected for 
further studies. 
2.1.4 Synthesis of Pyridine Zirconium (IV) Phosphate (PyZrP): 
A number of samples were prepared by adding one volume of 0.05 M 
ZrOCli.SHaO solution in two volumes of a (1:1) mixture of 0.1 M H3PO4 and 
pyridine (1%) with constant stirring. The resulting slurry obtained was kept for 24 
h at room temperature, then filtered, and washed with demineralized water till the 
excess acid was removed (pH~6). The material was finally dried as usual at 45°C. 
The dried gel was then cracked into small granules by putting in DMW and 
converted into the H''-form by treating with 1 M HNO3 for 24 h with occasional 
shaking and intermittently replacing the supernatant liquid with fresh acid. The 
material thus obtained was then washed with demineralized water to remove the 
excess acid before drying finally at 45°C, and sieved to obtain particles of size SO-
TO mesh. Tables 2.1 (b) give the experimental details of the synthesis of the 
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various samples of the material Thus, on the basis of its ion exchange capacity 
sample 5 of Table 2 1 (b) is selected for further studies 
2.1.5 Synthesis of Pyridine Tin (IV) Phosphate (PySnP): 
A number of samples were prepared by adding one volume of 0 3 M 
SnCU 5H2O solution m two volumes of a (1 1) mixture of 0 6 M H3PO4 and 
pyridme (1 %) with constant stirrmg The resulting slurry obtamed was kept for 24 
h at room temperature, then filtered, and washed with demmerahzed water till the 
excess acid was removed (pH~6) The material was fmally dried as usual at 45°C 
The dried gel was then cracked mto small granules by puttmg m DMW and 
converted mto the H"^ -form by treating with 1 M HNO3 for 24 h with occasional 
shaking and intermittently replacing the supernatant liquid with fresh acid The 
material thus obtained was then washed with demineralized water to remove the 
excess acid before drymg fmally at 45°C, and sieved to obtain particles of size SO-
TO mesh Table 2 1 (c) gives the experimental details of the synthesis of the 
various sample of the material Thus, on the basis of its ion exchange capacity 
sample 3 of Table 2 1 (c) is selected for further studies 
Table 2.1 (a) Synthesis of various samples of acrylamide zirconium (IV) 
phosphate (AAZrP). 
Sample No. 
AAZrP-1 
AAZrP-2 
AAZrP-3 
AAZrP-4 
AAZrP-5 
Millimoles of Zr 
solution per 
1000 ml 
100 
100 
100 
500 
50 
Millimoles of 
H3PO4 per 
1000 ml 
2000 
1000 
1000 
2000 
2000 
Millimoles of 
acrylamide 
per 1000 ml 
50 
500 
100 
500 
100 
Ion-exchange 
capacity 
(meq dry g^) 
0.85 
0.8 
1.4 
1.4 
2.0 
Table 2.1 (a') Synthesis of acrylamide zirconium (IV) phosphate 
(AAZrP) by varying the cone, of H2O2. 
Sample No. 
AAZrP-1 
AAZrP-2 
AAZrP-3 
AAZrP-4 
AAZrP-5 
AAZrP-6 
Millimoles 
ofZr 
solution 
per 1000 ml 
50 
50 
50 
50 
50 
50 
Millimoles 
0fH3P04 
per 1000 ml 
2000 
2000 
2000 
2000 
2000 
2000 
Millimoles 
of 
acrylamide 
per 1000 ml 
100 
100 
100 
100 
100 
100 
Cone. 
(%) 
0.5 
1 
2 
3 
4 
0.5 
Heating 
time 
(Hours) 
2 
2 
2 
2 
2 
4 
Ion-exchange 
capacity 
(meq dry g )^ 
2.26 
0.25 
0.3 
0.6 
0.84 
0.44 
89 
Table 2.1 (b) Synthesis of various samples of pyridine zirconium (IV) 
phosphate (PyZrP). 
Sample No, 
PyZrP-1 
PyZrP-2 
PyZrP-3 
PyZrP-4 
PyZrP-5 
PyZrP-6 
PyZrP-7 
Millimoles of Zr 
solution per 
1000 ml 
50 
50 
50 
50 
50 
50 
50 
Millimoles of 
H3PO4 per 
1000 ml 
100 
100 
2000 
50 
100 
100 
100 
Cone, of 
pyridine (%) 
-
0.5 
0.5 
1 
1 
1.5 
2 
Ion-exchange 
capacity 
(meq dry g ' ) 
0.3 
0.66 
0.3 
0.22 
2.0 
0.78 
1.02 
Table 2.1(c) Synthesis of various samples of pyridine tin (IV) 
phosphate (PySnP). 
Sample No. 
PySnP-1 
PySnP-2 
PySnP-3 
PySiiP-4 
Millimoles of Sn 
solution per 
1000 ml 
300 
200 
300 
300 
Millimoles of 
H3PO4 per 
1000 ml 
600 
600 
600 
600 
Cone, of 
pyridine (%) 
-
1 
I 
0.5 
Ion-exchange 
capacity 
(meq dry g *) 
1.4 
1.32 
2.1 
1.17 
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2.2 ION-EXCHANGE CHARACTERIZATION 
The real utility of an ion-exchanger depends largely on its ion-exchange 
characteristics Ion-exchange capacity, concentration and elution behaviour, pH-
titrations, and distribution behaviour are some of the properties which constitute 
the ion-exchange characteristics of a material 
2.2.1 Ion-Exchange Capacity (i.e.c): 
Ion-exchange capacity is defmed as the number of replaceable counter ions 
per unit mass of the exchanger, and is usually expressed as milh-equivalents per 
dry gram of the substance It is equal to the number of fixed ionic sites that are 
capable of entermg mto an ion-exchange reaction, which m other words may be 
defmed as the number of counter ion equivalents m a specified amount of the 
material The counter ion content is one of the most important characteristics of an 
ion-exchanger From a practical pomt of view, the number of counter ions, which 
can be taken up or exchanged is more important, than the number of lonogenic 
groups Ion-exchange capacity depends on the experimental conditions, 
particularly pH and concentration of the solution The i e c of a material also 
depends on the nature of the exchangmg ions, like size and charge The smaller the 
size and higher the charge of the ion, the greater is the ion-exchange capacity 
The 1 e c is usually determined by the non-equilibrmm process i e , usmg a 
column by taking 1 gram of the material (H'^ -form) m a glass tube of mtemal 
diameter ~ 1 cm, fitted with glass wool at its bottom 250 ml of 1 M NaNOs 
91 
solution was used as eluent, maintaining a very slow flow rate (~ 0 5 ml mm") 
The effluent was titrated agamst a standard alkali solution to determine the total 
H^-ions released Tables 2 2 (a), (b) and (c) summarize the ion-exchange capacity 
of the materials for various metal ions 
2.2.2 Effect of Eluent Concentration on the Ion Exchange Capacity: 
The extent of elution was found to depend upon the concentration of the 
eluent Hence a fixed volume (250 ml) of the NaNOa solution of varying 
concentrations was passed through the column containing 1 g of the exchanger and 
the effluent was titrated against a standard alkali solution for the H^-ions eluted 
out Fig 2 1 (a), (b) and (c) shows the variation of the H^-ions eluted out with the 
different concentrations of the eluent The optimum concentration of the eluent for 
a complete elution of H^-ions in 250 ml NaN03 solution was found to be 1 M 
2.2.3 Elution Behaviour: 
The column contammg 1 g of the exchanger m the H"^ -form was eluted with 
1 M NaNOs solution m different 10 ml fractions havmg a standard flow rate of 0 5 
ml mm' and 10 ml fractions of the effluent were collected They were titrated for 
the H'^ -ions released agamst a standard NaOH solution This experiment was 
conducted to find out the minimum volume necessary for a complete elution of 
H^-ions, which reflects the efficiency of the column The results are shown m Fig 
2 2 (a), (b) and (c) 
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Table 2.2 (a) Ion-Exchange capacity of acrylamide zirconium (IV) 
phosphate (AAZrP) for various metal solutions. 
Metal solution 
L1NO3 
NaNOs 
KNO3 
Mg(N03)2 
Ca(N03)2 
Sr(N03)2 
BaCb. 2H2O 
Ion-exchange capacity 
(meq dry g' ) 
0.2 
2.26 
1.3 
1.38 
2.58 
3.28 
1.5 
Table 2.2(b) Ion-exchange capacity of pyridine zirconium (IV) 
phosphate (PyZrP) for various metal solutions. 
Metal solution 
LiN03 
NaNOj 
KNO3 
Mg(N03)2 
Ca(N03)2 
Sr(N03)2 
BaCl2.2H20 
Ion-exchange capacity 
(meq dry 2*) 
1.6 
2.0 
2.41 
2.5 
3.2 
2.8 
1.6 
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Table 2.2 (c) Ion-exchange capacity of pyridine tin (FV) phosphate 
(PySnP) for various metal solutions. 
Metal solution 
L1NO3 
NaNOj 
KNO3 
Mg(N03)2 
Ca(N03)2 
Sr(N03)2 
BaCl2.2H20 
Ion-exchange capacity 
(meq dry g'h 
1.63 
2.1 
1.65 
1.84 
1.35 
1.4 
1.62 
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Fig. 2.1(a) Concentration plot of acrylainide zirconium (IV) phosphate 
(AAZrP). 
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Fig. 2.1 (b) Concentration plot of pyridine zirconium (IV) phosphate (PyZrP). 
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Fig. 2.1(c) Concentration plot of pyridine tin (IV) phosphate (PySnP). 
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2.2.4 Thermal Studies: 
Ig samples of the material were heated at various temperatures for 1 h each 
in a muffle furnace and their ion-exchange capacity was determined by the column 
process after cooling to room temperature The results are summarized in Tables 
2 3 (a), (b) and (c) 
Table 2.3 (a) Thermal stability of acrylamide zirconium (IV) phosphate 
(AAZrP) after heating to various temperatures for 1 hour. 
Drying 
temperature (°C) 
45 
100 
200 
400 
Na^ ion-exchange 
capacity 
(meq dry g'^ ) 
2 26 
2 26 
2 26 
0 18 
Change in 
colour 
White 
White 
White 
Dirty white 
% Retention of 
100 
100 
100 
9 
101 
Table 2.3 (b) Thermal stability of pyridine zirconium (IV) phosphate 
(PyZrP) after heating to various temperatures for 1 hour. 
Drying 
temperature ("C) 
45 
100 
200 
400 
600 
Na^ ion-exchange 
capacity 
(meq dry g"*) 
2.0 
1.4 
0.86 
0.46 
0.1 
Change in 
colour 
White 
White 
Creamish 
Dirty white 
Greyish white 
% Retention 
of i.e.c. 
100 
70 
43 
23 
5 
Table 2.3 (c) Thermal stability of pyridine tin (IV) phosphate (PySnP) 
after heating to various temperatures for 1 hour. 
Drying 
Temperature (°C) 
45 
100 
200 
400 
600 
Na^ ion-exchange 
capacity 
(meq dry g )^ 
2.1 
1.72 
1.38 
0.8 
0.1 
Change in 
colour 
White 
White 
Dirty white 
Dirty white 
Greyish white 
% Retention of 
i.e.c. 
100 
81.90 
65.71 
38.09 
4.76 
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2.2.5 pH Titrations; 
Acid salts of multivalent metals are acidic in nature and act as cation 
exchangers. They can, therefore be titrated against an alkali, as usual, which gives 
the nature (weak or strong) and the number of exchange sites present in the ion-
exchanger. An alkali hydroxide is used to neutralize the protons and allow the 
reaction to go to completion, and a decinormal salt solution of the same alkali 
metal is used as a supporting electrolyte. A graph plotted between the number of 
milliequivalents of OH'-ions added and the resultant pH of the mixture at 
equilibrium is termed the "pH titration curve" or the "potentiometric titration 
curve". The functionality of an ion-exchanger can also be determined with the help 
of these curves. Potentiometric titrations are performed by the usual batch process, 
using the method of Topp and Pepper [17], using an Elico pH meter, model LI-10. 
Various 500 mg portions of the exchanger in the H'^ -form were placed in 
each of the several 250 ml conical flasks followed by the equimolar solution of 
alkali metal chlorides and their hydroxides in different volume ratios, the final 
volume being 50 ml to maintain the ionic strength constant. The pH of the solution 
was recorded after equilibrium and was plotted against the milliequivalents of the 
OH'-ions added. The results are shown in Fig. 2.3 (a), (b) and (c). 
103 
13.0 
n.o 
9.0 
^ 7.0 
5.0 
3.0 
1.0 
• L i C l - LiOH 
o N Q C I - N Q O H 
A KCl -KOH 
I I I I I I 
0.0 1.0 2.0 3.0 4.0 5.0 
m moles of 0H~added 
Fig. 2.3(a) Equilibrium pH titration curve of acrylamide zirconium (IV) 
phosphate (AAZrP). 
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Fig. 2.3(b) Equilibrium pH titration curve of pyridine zirconium (IV) phosphate 
(PyZrP). 
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2.2.6 Distribution Behaviour: 
In certain practical applications, ion-exchange equilibrium is most 
conveniently expressed m terms of distribution coefficient The distribution 
coefficient (Ka) is the measure of a fractional uptake of metal ions competmg for 
H^  -ions from a solution by an ion-exchange matenal It is expressed as follows 
Kd = X — (ml gm ) 
F W 
where, 
I = the total amount of metal ions initially m the solution 
F= the amount of the metal ions left m the solution after equilibrium 
V = the volume (ml) of the solution 
W = the weight (g) of the exchanger 
200 mg portions of the exchanger m H -^form were taken m 20 ml of the 
different metal ion solutions m the required medium and kept for 24 h with 
intermittent shakmg to attam equilibrium The mitial metal ion concentration was 
so adjusted that it did not exceed 3% of the total ion-exchange capacity of the 
material [18] The determmations before and after equilibrium were carried out 
volumetrically usmg EDTA [19] as the titrant Kd is an important factor for 
determining the analytical potential of an ion-exchanger The results are 
summarized m Tables 2 4 (a), (b) and (c) 
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2.3 ANALYTICAL APPLICATIONS 
2.3.1 Separations Achieved: 
Several binary separations were tried using a column of internal diameter ~ 
0.6 cm containing 2 g of the material. The column was washed thoroughly with 
demineralized water and the mixture to be separated was loaded on it, maintaining 
a flow rate of ~ 2-3 drops min" (0.15 ml min"'). The separation was achieved by 
passing a suitable solvent through the column as eluent and the metal ions in the 
effluent were determined quantitatively by EDTA titrations. Tables 2.5 (a), (b) and 
(c) and Fig. 2.4 (a), (b) and (c) give the salient features of the separations. 
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Table 2.4 (a) Kd values of metal ions on acrylamide zirconium (IV) 
phosphate (AAZrP) in DMW, hydrochloric acid, nitric 
acid and perchloric acid media. 
MetaJ 
ions 
Mg(n) 
Ca(II) 
Sr(II) 
1 
Ba(TI) 
Cd(n) 
Pb(TI) 
Mn(II) 
CrQE) 
Co(II) 
Cu(II) 
Hg(n) 
NiCff) 
DMW 
1484 6 
6142 
1850 
3333 3 
6400 
2800 
2566 6 
50 
1366 6 
5750 
11250 
33714 
O.OIM 
6103 
589 6 
408 6 
11875 
747 8 
2220 
1233 3 
15 38 
1366 6 
2825 
11250 
33714 
HCI 
O.IM 
564 5 
4714 
333 3 
111! 7 
7125 
1446 6 
1100 
15 38 
1194 1 
1200 
11250 
1329 4 
IM 
564 5 
440 5 
244 1 
1111 7 
680 
728 5 
548 6 
15 38 
856 5 
836 
7466 6 
1250 
O.OIM 
1616 6 
1566 6 
6194 
1616 6 
875 
11888 
1163 1 
7 14 
4300 
3800 
22600 
1635 7 
HNO3 
O.IM 
692 3 
952 6 
265 6 
1484 6 
596 4 
759 2 
674 1 
7 14 
2650 
1362 5 
4440 
1520 
IM 
635 7 
809 
225 
1484 6 
509 3 
673 3 
485 3 
7 14 
1275 
1131 5 
3683 3 
1418 75 
O.OIM 
795 6 
733 3 
963 6 
1772 7 
828 5 
1446 6 
860 
7 14 
3042 8 
4580 
11250 
4760 
HCIO4 
O.IM 
635 7 
506 
5157 
1273 3 
712 5 
1350 
5315 
7 14 
1733 3 
2027 2 
4440 
2600 
IM 
488 5 
455 5 
387 5 
880 9 
596 4 
1121 0 
380 
7 14 
1366 6 
1070 
3683 3 
2109 
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Table 2.4 (b) K^ values of metal ions on pyridine zirconium (IV) 
phosphate (PyZrP) in DMW, hydrochloric acid, nitric 
acid and perchloric acid media. 
Metal 
ions 
Mg(ID 
Ca(II) 
Ba(II) 
Sr(II) 
Mn(II) 
Cd(II) 
Pb(II) 
Co(II) 
Cu(II) 
Ni(II) 
Hg(II) 
Fe(III) 
Cr(III) 
DMW 
320 
500 
675 
540 
500 
600 
633 33 
1050 
1300 
900 
1900 
700 
25 
0.0 IM 
200 
328 57 
244 44 
300 
200 
320 
340 
666 66 
600 
566 66 
900 
700 
5 26 
HCl 
O.IM 
110 
275 
181 81 
255 55 
166 66 
200 
340 
666 66 
600 
400 
900 
700 
5 26 
IM 
90 90 
150 
158 33 
220 
140 
162 5 
266 66 
475 
600 
300 
900 
700 
2 56 
0.0 IM 
200 
275 
287.5 
300 
242 85 
250 
450 
666 66 
600 
566 66 
900 
700 
8 10 
HNOj 
O.IM 
75 
233 33 
244.44 
255 55 
200 
200 
450 
360 
600 
400 
900 
700 
8 10 
IM 
50 
130 76 
210 
220 
166 66 
162 5 
340 
360 
600 
300 
900 
700 
8 10 
O.OIM 
250 
400 
520 
433 33 
242 85 
320 
450 
666 66 
600 
566 66 
900 
700 
11 11 
HCIO4 
O.IM 
200 
275 
342 85 
357 14 
200 
250 
450 
475 
600 
400 
900 
700 
5 26 
IM 
133 33 
233 33 
210 
220 
166 66 
250 
450 
360 
600 
300 
900 
700 
2 56 
!10 
Table 2.4 (c) Kd values of metal ions on pyridine tin (IV) phosphate 
(PySnP) in DMW, hydrochloric acid, nitric acid and 
perchloric acid media. 
Metal 
ions 
Mg(n) 
Ca(II) 
Ba(]I) 
SrOD 
Mn(n) 
Cd(II) 
Pb(II) 
Co(lI) 
Cu(II) 
Ni(II) 
Hg(II) 
Fe(III) 
Cr(III) 
DMW 
320 
650 
933 33 
700 
700 
600 
1000 
1050 
600 
400 
566 66 
700 
21 21 
0.01 M 
250 
400 
287 5 
357 14 
242 85 
320 
633 33 
666 66 
366 66 
300 
400 
300 
8 10 
HCl 
O.IM 
133 33 
328 57 
210 
300 
200 
250 
633 33 
475 
250 
233 33 
400 
300 
8 10 
IM 
no 
172 72 
18181 
255 55 
166 66 
200 
450 
475 
250 
233 33 
400 
166 66 
5 26 
0.01 M 
250 
328 57 
342 85 
357 14 
300 
250 
633 33 
666 66 
366 66 
300 
400 
300 
11 11 
HNO3 
O.IM 
162 5 
275 
287 5 
300 
242 85 
200 
633 33 
475 
366 66 
233 33 
400 
300 
11 11 
IM 
75 
150 
244 44 
255 55 
200 
200 
450 
360 
250 
233 33 
400 
166 66 
810 
0.01 M 
200 
500 
675 
433 33 
300 
250 
633 33 
475 
366 66 
300 
400 
300 
14 28 
HCIO4 
O.IM 
162 5 
328 57 
416 66 
357 14 
242 85 
200 
633 33 
360 
250 
233 33 
400 
300 
8 10 
IM 
133 33 
275 
244 44 
300 
200 
162 5 
450 
360 
250 
233 33 
400 
166 66 
5 26 
I l l 
Table 2.5 (a) Binary separations of metal ions achieved on acrylamide 
zirconium (IV) phosphate (AAZrP) columns. 
s. 
No. 
I 
2 
3 
4 
Separation 
Achieved 
Ml Mz 
Ni(ii)-Hg(n) 
Cd(II)-Hg(II) 
Pb(ii)-Hg(ri) 
Mg(II)-Hg(II) 
Amount loaded 
Oig) 
Ml 
4579 94 
4858 40 
4968 15 
4038 45 
M I 
5504 56 
5504 56 
5504 56 
5504 56 
Amount found 
Ml 
4470 89 
4742 72 
4968 15 
4134 611 
M2 
5504 56 
5504 56 
5379 46 
5379 46 
Error 
(%) 
Ml 
-2 38 
-2 38 
0 
+2 38 
M2 
0 
0 
-2 27 
-2 27 
Eluent used 
Ni 0 IM HCl 
Hg 1MHC1 + 
IMNH4CI 
Cd IMHNO3 
Hg 1MHC1 + 
IMNH4CI 
Pb IM HCl 
Hg IM HCl + 
IMNH4CI 
Mg 0 IM HCl 
Hg 1MHC1 + 
IMNH4CI 
Volume 
of eluent 
(ml) 
70 
70 
60 
70 
50 
70 
70 
80 
Table 2.5 (b) Binary separations of metal ions achieved on pyridine 
zirconium (TV) phosphate (PyZrP) columns. 
s. 
No. 
1 
2 
3 
4 
Separation 
Achieved 
Ml M2 
Mg(lI)-Hg(II) 
Cd(ll)-Hg(II) 
Ni(II)-Hg(II) 
Pb(II) - Mg(II) 
Amount loaded 
Oig) 
Ml 
1615 383 
1943 36 
1744 74 
2199 186 
Mi 
2001 66 
2001 66 
2001 66 
1615 383 
Amount found 
(Mg) 
M, 
1653 84 
1897 09 
1744 74 
2199 186 
M2 
2001 66 
195161 
2001 66 
1576 92 
Error 
(%) 
Ml 
+2 38 
-2 38 
0 
0 
M2 
0 
-2 5 
0 
-2 38 
Eluent used 
Mg 0 1 M HCl 
Hg 1MHC1 + 
IMNH4CI 
Cd IMHNO3 
Hg 1MHC1 + 
IMNH4CI 
Ni 0 1 M HCl 
Hg 1MHC1 + 
IMNH4CI 
Pb IMHCl 
Mg 0 1 M HCl 
Volume 
of eluent 
(ml) 
70 
60 
50 
60 
50 
60 
50 
60 
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Table 2. 5 (c) Binary separations of metal ions achieved on pyridine tin 
(IV) phosphate (PySnP) columns. 
s. 
[o. 
t. 
2. 
3. 
\. 
Separation 
achieved 
Ml M2 
Mg(II)-Pb(II) 
Cd(II)-Pb(II) 
Cu(II)-Pb(II) 
Cd(II)-Cu(n) 
Amount loaded 
M, 
1615.383 
1943.36 
1014.72 
1943.36 
M: 
2199.186 
2199.18 
2199.18 
1014.72 
Amount found 
( i^g) 
Ml 
1576.92 
1897.09 
978.48 
1943.36 
M2 
2149.20 
2199.18 
2199.18 
1050.96 
Error 
(%) 
Ml 
-2.38 
-2.38 
-3.57 
0 
M2 
-2.27 
0 
0 
+3.57 
Eluent used 
Mg:0 .1M HCIO4 
Pb : 1 M HNO3 
Cd.O.lMHCl 
Pb : 1 M HNO3 
Cu:0.1MHClO4 
Pb : 1 M HNO3 
Cd:0.1MHCl 
Cu:0.1MHClO4 
Volume 
of 
eluent 
(ml) 
60 
60 
60 
50 
50 
50 
60 
50 
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Fig. 2.4(a) Separation of Ni (II) from Hg (II); Cd (II) from Hg (II); Pb (II) from 
Hg (II); and Mg (II) from Hg (II) on acrylamide zirconium (IV) 
phosphate (AAZrP) columns: (a, g) 0.1 M HCl; (b,d,f,h) IM HCl + 
1 M NH4CI; (e) IM HCl; (e) IM HCl (c) 1 M HNO3 
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Fig. 2.4(b) Separation of Mg (II) from Hg (II); Cd (II) from Hg (II); Ni (II) from 
Hg (II); and Pb (II) from Mg (II) on pyridine zirconium (IV) 
phosphate (PyZrP) columns: (a,e,h) 0.1 M HCl; (b,d,f) 1 M HCl + 
IM NH4CI; (g) 1 M HCl; (c) 1 M HNO3. 
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Fig. 2.4(c) Separation of Mg (II) from Pb (II); Cd (II) from Pb (II); Cu (II) from 
Pb (II); and Cd (II) from Cu (II) on pyridine tin (IV) phosphate 
(PySnP) colmnns; (a,e,h) 0.1 M HCIO4; (b,d,f) 1 M HNO3; (ce) 
O.lMHCl. 
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RESULTS AND DISCUSSION 
The most important feature of the materials prepared durmg these studies 
has been their exceedingly good ion-exchange capacity for Na^ ions i e 2 26 meq 
dry g"' for AAZrP, 2 0 meq dry g"' for PyZrP and 2 1 meq dry g'' for PySnP 
These capacities are much higher than the i e c generally shown by the morganic 
ion-exchangers reported so far [10,11 and 20] As is clear from Table 2 3 (a) the 
most peculiar characteristic of AAZrP is its thermal stability The material 
(AAZrP) retams 100% of its ion-exchange capacity on heatmg upto 200°C 
whereas m case of PyZrP it retams only 43% of its i e c on heating upto 200°C as 
indicated in Table 2 3 (b) In case of PySnP, it retains 65 71% of its i e c on 
heatmg upto 200°C as indicated in Table 2 3 (c) Beyond 400°C all the materials 
decompose, it may perhaps be due to the presence of the organic part in their 
structure 
The elution behaviour indicates that the exchange is quite fast and almost 
all the H^-ions are eluted out m the first 110 ml of the effluent m AAZrP than in 
case of PyZrP and PySnP where the H^-ions are eluted out m the first 120 ml and 
130 ml of the effluent respectively from a column of Ig exchanger (Fig 2 2 (a), 
(b) and (c) The optimum concentration of the eluent was found to be 1 M (Fig 
2 I (a), (b) and (c) for a complete removal of H"'-ions from the above column The 
solubility experiments show that the materials have reasonably good chemical 
stability They can withstand the effect of acids and bases to a great extent 
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The pH titration curves obtained under equilibrium conditions, shown in 
Fig 2 3 (a) for LiOH/LiCl, NaOH/NaCl and KOH/KCl systems reveal that the 
material (AAZrP) behaves as a bifunctional acid for Li^-ions showmg its 
theoretical ion-exchange capacity at equilibrium - 3 5 meq g" The brfunctional 
behaviour becomes less promment m case of the H -^Na^ exchange The ion-
exchange capacity for this ion is found to be little less (~ 3 25 meq g"') However, 
m case of K* the exchanger appears to be a monofunctional acid i e the exchange 
process is completed m a single step The value of the ion-exchange capacity 
further decreases m this case (~ 3 meq g'') This discrepancy may be explamed on 
the basis of the hydrated radii of these ions, which are in the order Li^ >Na^>K^ A 
metal ion with a lower hydrated radii may be exchanged more effectively on the 
exchanger surface In case of PyZrP and PySnP, (Fig 2 3 (b), (c)) both the 
materials behave as a brfunctional acid for Na"^ -ions showmg its theoretical ion 
exchange capacity at equilibrium - 3 5 and 3 0 meq g'^  respectively The 
bifunctional behaviour becomes less promment m case of the H'^ -K'^  exchange 
The ion- exchange capacity for this ion is found to be - 3 5 meq g'' m both cases 
However m case of Li"^  both the exchangers appear to be a monofunctional acid 
1 e the exchange process is completed m a smgle step The value of the i e c 
further decreases m this case ( -2 5 meq g' m both cases) The system contains 
phosphate as the lonogenic group, the correspondmg acid of which, i e phosphoric 
acid, has the three pKa values (pKai, pKa2, pKas) 2 12,7 21 and 12 30 Thus, it is 
evident that the first ionization of this acid is very much faster compared to the 
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other two. The materials appear to be strong cation exchangers as indicated by low 
pH (~ 2-2.2) of the solutions when no OH"^  -ions were added to the system. 
The distribution behaviour of the metal ions (Tables 2.4 (a), (b) and (c)) 
shows a high selectivity of the materials i.e. AAZrP for Hg (II) ions, PyZrP for Hg 
(n) ions and PySnP for Pb (11) ions, indicating its importance in environmental 
studies. It was demonstrated by practically achieving some binary separations 
involving Hg (II); for example: Hg (n)-Ni (H), Hg (n)-Cd (II), Hg (n)-Pb (H), and 
Hg (II)-Mg (n), as summarized in Table 2.5 (a) for AAZrP. In case of PyZrP, 
binary separations were performed involving Hg (II), for example: Hg (n)-Mg 
(n), Hg (n)-Cd (II) and Hg (II)-Ni (II), as summarized m Table 2.5 (b). A bmary 
separation of Pb (II) from Mg (H) was also achieved, emphasizing the above fact. 
In case of PySnP, binary separations were performed involving Pb (II), for 
example: Pb (II)-Mg (II), Pb (Il)-Cd (II), and Pb (n)-Cu (II), as summarized m 
Table 2.5 (c). A binary separation of Cd (H) from Cu (II) was also achieved in this 
case, emphasizing the above fact. The results were found to be quite precise and 
reproducible. 
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INTRODUCTION 
Analytical chemistiy deals with methods for determining the chemical 
composition of samples of matter. A qualitative method yields information about 
the identity of atomic or molecular species or the functional groups in the sample; 
a quantitative method, in contrast provides numerical information as to the relative 
amount of one or more of these components. 
3.1 Classification of Analytical Methods: 
Analytical methods are often classified as being either "classical" or 
"instrumental". This classification is largely historical with classical methods, 
sometimes called "wet chemical methods", preceding instrumental methods by a 
century or more. 
3.1.1 Classical Methods: 
In the early years of chemistry, most analyses were carried out by 
separating the components of interest (the analytes) in a sample by precipitation, 
extraction, or distillation. For qualitative analyses, the separated components were 
then treated with reagents that yielded products that could be recognized by their 
colours, their boiling or melting points, their solubilities in a series of solvents, 
their odours, their optical activities, or their refractive indexes. For quantitative 
analyses, the amount of analyte was determined by gravimetric or by titrimetric 
measurements. In gravimetric measurements, the mass of the analyte or some 
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compound produced from the analyte was determined. In titrimetric procedures, 
the volume or mass of a standard reagent required to react completely with the 
analyte was measured. 
These classical methods for separating and determining analytes still find 
use in many laboratories. The extent of their general application is, however 
decreasing with the passage of time and with the advent of instrumental methods 
to supplant them. 
3.1.2 Instrumental Methods: 
The use of instrumentation is an exciting and fascinating part of chemical 
analysis that interacts with all the areas of chemistry and with many other fields of 
pure and applied science. Analytical instrumentation plays an important role in the 
production and evaluation of new products and in the protection of consumers and 
the environment. This instrumentation provides the lower detection limits required 
to assure safe foods, drugs, water and air. The manufacture of materials whose 
composition must be known precisely, such as the substances used in integrated 
circuit chips, is monitored by analytical instruments. The large sample throughputs 
made possible by automated instrumentation often relieve the analyst of the 
tedious tasks formerly associated with chemical analysis. Thus, the analyst is freed 
to examine components of the analytical system, such as sampling methods, data 
treatment, and the evaluation of results. 
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Early in the twentieth century, chemists began to exploit phenomenon other 
than those used for classical methods for solving analytical problems. Thus, 
measurements of physical properties of analytes such as conductivity, electrode 
potential, light absorption or emission, mass-to-charge ratio, and fluorescence 
began to be used for quantitative analysis of a variety of inorganic, organic, and 
biochemical analytes. Furthermore, highly efficient chromatographic and 
electrophoretic techniques began to replace distillation, extraction, and 
precipitation for the separation of components of complex mixtures prior to their 
qualitative or quantitative determination. These newer methods for separating and 
determining chemical species are known collectively as "instrumental methods of 
analysis". 
3.1.2.1 Classification of Instrumental Techniques: 
Most instrumental techniques fit into one of three principal areas: 
spectroscopy, electrochemistry, and chromatography (Table 3.1). Although several 
important techniques, including mass spectrometry and thermal analysis, do not fit 
conveniently into these classifications, these three areas do provide a basis for a 
systematic study of chemical instrumentation. 
Advances in both chemistry and technology are making new techniques 
available and expanding the use of existing ones. Photoacoustic spectroscopy is an 
example of an emerging analytical technique. A number of existing techniques 
have been combined to expand the utility of the component methods. Gas-
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chromatography-mass spectrometry (GC-MS) and inductively coupled plasma-
mass spectrometry (ICP-MS) are examples of successful "hyphenated" methods 
The following pages summarize the physicochemical characterization of 
acrylamide zirconium (IV) phosphate (AAZrP), pyridme zirconium (IV) 
phosphate (PyZrP) and pyridine tm (IV) phosphate (PySnP) ion-exchangers by 
using AAS, TGA, DTA, DSC, IR and XRD studies 
Table 3.1 Principal Types of Chemical Instrumentation. 
Name of Techniques 
Spectroscopic techniques 
Electrochemical techniques 
Chromatographic techniques 
Miscellaneous techmques 
Hyphenated techmques 
Instrumental Methods 
Ultraviolet and visible spectrophotometry 
Fluorescence and phosphorescence spectrophotometry 
Atomic spectrometry (emission and absorption) 
Infrared spectrophotometry 
Raman spectroscopy 
X ray spectroscopy 
Radiochemical techniques mcludmg activation analysis 
Nuclear magnetic resonance spectroscopy 
Electron spm resonance spectroscopy 
Potentiometry (pH and ion- selective electrodes) 
Voltammetry 
Voltammetnc techniques 
Stnpping techniques 
Amperometnc techmques 
Coulometry 
Electro gravimetry 
Conductance techniques 
Gas chromatography 
High-performance liquid chromatographic techmques 
Thermal analysis 
Mass spectrometry 
Kinetic techniques 
GC-MS (gas chromatography-mass spectrometry) 
ICP-MS (Inductively coupled plasma-mass 
spectrometry) 
GC-IR (gas chromatography-infiared spectroscopy) 
MS-MS (mass spectrometry-mass spectrometry) 
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3.2 EXPERIMENTAL 
3.2.1 Composition: 
lOOmg of the samples were dissolved in 3-4 ml of HF acid for AAZrP and 
PyZrP and cone. HCl for PySnP respectively. Zr (IV) and Sn (IV) were 
determined by an atomic absorption spectrophotometer, Shimadzu model AA-640 
while phosphate was determined spectrophotometrically by the phosphovanado 
molybdate method [1] using a UV-vis spectrophotometer, Elico model SL 171, as 
follows: 
To the 10 ml sample solution, taken in a 100 ml volumetric flask, were 
added 50 ml of demineralized water (DMW), 10 ml of ammonium vanadate 
solution (1.25 g of ammonium vanadate dissolved in 250 ml of DMW + 20 ml of 
concentrated HNO3, diluted to 500 ml) and 10 ml of ammonium molybdate 
solution (12.5 g of ammonium molybdate dissolved in 250 ml DMW). It was then 
diluted upto the mark before taking its absorbance at 460 nm against a reagent 
blank prepared in the same manner. 
3.2.1.1 Atomic Absorption Spectrometry (AAS): 
The absorption of radiation by atoms in the sun's atmosphere was first 
observed in 1814. However, it was only in 1953 that an Australian physicist, Alan 
Walsh, demonstrated that atomic absorption could be used as a quantitative 
analytical tool in the chemical laboratory. Today AAS is a widely used and 
accepted technique capable of determining trace (|J.g/ml) and ultratrace (sub-
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|ig/ml) levels of elements or metals in a wide variety of samples, including 
biological, clinical, environmental, food and geological samples, with good 
accuracy and acceptable precision. It is arguably the predominant technique in 
elemental analysis, although it does have some limitations. 
The AAS phenomenon can be divided into two major processes: 
1. the production of free atoms from the sample, 
2. the absorption of radiation from an external source by these atoms. 
> General Uses of AAS: 
• Quantification of nearly 70 metals in virtually any sample type. 
• Concentrations as low as parts per billion to as high as weight % with 
minimal or no sample preparation. 
• Microliter volumes or microgram masses required. 
• Well-established and accepted technique. 
> Common Applications of AAS: 
• Biological, medical, and clinical samples (blood, urine, and other body 
fluids, tissue, hair, teeth, nails). 
• Environmental samples (water, solids, sediments, biota). 
• Steel and metal industry. 
• Pharmaceutical industry. 
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• Food industry. 
• Air. 
• Industrial hygiene. 
• Pollution studies. 
3.2.1.2 Ultraviolet and Visible Molecular Absorption Spectrometry: 
Analytical applications of the absorption of radiation by matter can be 
either qualitative or quantitative. The qualitative applications of absorption 
spectrometry depend on the fact that a given molecular species absorbs radiation 
only in specific regions of the spectrum where the radiation has the energy 
required to raise the molecules to some excited state. A display of absorption 
versus wavelength (or frequency) is called an "absorption spectrum" of that 
molecular species and serves as a "fmgerprint" for identification. 
> General Uses of UV-Vis Molecular Absorption Spectrometry: 
• Identification of many types of organic and inorganic molecules and ions. 
• Qualitative determination of some fimctional groups in organic molecules. 
• Quantitative determination of many biological, organic, and inorganic 
species. 
• Quantitative determination of mixtures of analytes. 
• Monitoring and identification of chromatographic effluents. 
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• Determination of equilibrium constants. 
• Monitoring of environmental and mdustrial processes. 
• Automated trace-level analysis of clinical diagnostic samples. 
• Determination of stoichiometry of chemical reactions. 
> Common Applications ofW-Vis MoJecuJar Absorption Spectrometry: 
• Identification of compounds by spectrum matching with reference spectra. 
• Trace analysis of inorganic, organic, and biological species. 
• Enzyme assays. 
• Monitoring of reaction rates (stopped-flow and temperature-jimip chemical 
kinetics). 
• Detector for chromatography (particularly high-performance liquid 
chromatography) and electrophoresis. 
• Environmental remote sensing (hydrogeologic, aquatic, and atmospheric). 
• Field testing (pH, metals, non-metals, and organics). 
• Study of equilibrium systems (complexation, pH, and redox). 
• Trace analysis via reaction rate determination (catalytic and enzyme). 
• Pharmaceutical analysis. 
• Surface analysis by reflectance measurements (total, specular, and diffuse). 
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3.2.2 Elemental Analysis: 
Elemental analysis was carried out using a Vario EL III elemental analyser 
to determine the carbon, hydrogen and nitrogen contents of all the three samples 
i.e. AAZrP, PyZrP and PySnP. This study gives us an idea about composition of 
all the three materials. 
3.2.3 Thermal Analysis: 
Thermal analysis includes a group of techniques in which specific physical 
properties of a material are measured as a fijnction of temperature (Table 3.2). The 
production of new high- technology materials and the resulting requirement for a 
more precise characterization of these substances have increased the demand for 
thermal analysis techniques. Thermal analysis is useful in both quantitative and 
qualitative analyses. Samples may be identified and characterized by qualitative 
investigations of their thermal behaviour. Information concerning the detailed 
structure and composition of different phases of a given sample is obtained from 
the analysis of thermal data. Quantitative results are obtained from changes in 
weight and enthalpy as the sample is heated. The temperatures of phase changes 
and reactions as well as heats of reaction are used to determine the purity of 
materials. 
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Table 3.2 Summary of Thermal Analysis Techniques. 
Technique 
Differential scanning 
calorimetry (DSC) 
Differential thermal 
analysis (DTA) 
Thermogravimetric 
analysis (TGA) 
Thermome chanic al 
analysis (TMA) 
Dynamic mechanical 
analysis 
Evolved gas analysis 
(EGA) 
Quantity Measured 
Heats and temperatures of 
transitions and reactions 
Temperatures of 
transitions and reactions 
Weight change 
Dimension and viscosity 
changes 
Modulus, dampmg and 
viscoelastic behaviour 
Amount of gaseous 
products of thermally 
induced reaction 
Typical Application 
Reaction kmetics, purity 
analysis, polymer cures 
Phase diagrams, thermal 
stability 
Thermal stability. 
compositional analysis 
Softenmg temperatures. 
expansion coefficients 
Impact resistance. 
mechanical stability 
Analysis of volatile 
organic components of 
shale 
3.2.3.1 Thermogravimetric Analysis (TGA): 
Thermogravimetry (TG) or thermogravimetnc analysis (TGA) provides a 
quantitative measurement of any weight changes associated with thermally 
mduced transitions For example, TG can record directly the loss m weight as a 
function of temperature or time (when operating under isothermal conditions) for 
transitions that mvolve dehydration or decomposition Thermogravimetric curves 
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are characteristic of a given compound or material due to the unique sequences of 
physical transitions and chemical reactions that occur over defmite temperature 
ranges. The rates of these thermally induced processes are often a function of the 
molecular structure. Changes in weight result from physical and chemical bonds 
forming and breaking at elevated temperatures. These processes may evolve 
volatile products or form reaction products that result in a change in weight of the 
sample. TG data are useful in characterizing materials as well as in investigating 
the thermodynamics and kinetics of the reactions and transitions that result from 
the application of heat to these materials. The usual temperature range for TG is 
from ambient to 1200°C in either inert or reactive atmospheres. 
When a substance is subjected to a programmed heating or cooling, it 
normally undergoes changes, which may be physical, chemical, mechanical or 
magnetic in nature. The analysis of these changes recorded as a function of 
temperature permits the study of composition, structure, and physical / chemical 
behaviour. TG is thus a measure of quantitative changes in mass occurring in a 
substance as it undergoes a confroUed programme of heating or cooling as a 
function of temperature or time or those substances maintained isothermally. The 
changes are recorded using a thermobalance. 
Thus, knowledge of the thermal behaviour of a material is of basic 
importance for understanding the ability of the material for high temperature 
applications. 
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The TGA, DTA and DSC analysis was carried out using a Cahn 
Thermobalance, model 2050 for AAZrP and T.A.I. (Thermoanalytical Instrument 
Ltd.) Model Sdt 2960 for PyZrP and PySnP. Fig. 3.1 (a), (b) and (c) shows the 
TGA, DTA and DSC curves of AAZrP, PyZrP and PySnP. 
3.2.3.2 Differential Thermal Analysis (DTA): 
In DTA, the difference in temperature between the sample and a thermally 
inert reference material is measured as a function of temperature (usually the 
sample temperature). Any transition that the sample undergoes results in liberation 
or absorption of energy by the sample with a corresponding deviation of its 
temperature from that of the reference. These data can be used to study heat of 
reaction, kinetics, phase transitions, thermal stability, sample composition and 
purity, critical points and phase diagrams. A plot of the differential temperature, 
AT, versus the programmed temperature, T, indicates the transition temperature 
and whether the transition is exothermic or endothermic. DTA and TGA are often 
run simultaneously on a single sample. 
3.2.3.3 Differential Scanning Calorimetry (DSC): 
DSC has become the most widely used thermal analysis technique. In this 
technique, the sample and reference materials are subjected to a precisely 
programmed temperature change. When a thermal transition (a chemical or 
physical change that results in the emission or absorption of heat) occurs in the 
sample, thermal energy is added to either the sample or the reference containers in 
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order to maintain both the sample and reference at the same temperature. In other 
words, measurement of differential power (heat input) necessary to keep a sample 
and a reference substance isothermal as temperature is changed (scanned) linearly, 
is the basis of DSC. Because the energy transferred is exactly equivalent in 
magnitude to the energy absorbed or evolved in the transition, the balancing 
energy yields a direct calorimetric measurement of the transition energy. Since 
DSC can measure directly both the temperature and the enthalpy of a transition or 
the heat of a reaction, it is often substituted for differential thermal analysis as a 
means of determining these quantities except in certain high-temperature 
apphcations. 
DSC can provide more precise values for heat of reaction, it allows 
quantitative measurement of effects that involve little or no heat of reaction, 
involves finite changes in heat capacity and may be used to determine heat 
capacity as a ftinction of temperature. DSC is very sensitive to heat capacity 
changes and allow more precise measurements of these effects than does DTA. 
3.2.4 Infrared Spectroscopic Studies: 
The IR studies were carried out by the KBr disc method using Perkin Elmer 
FTIR spectrophotometer spectrum RX I. Fig. 3.2 (a), (b) and (c) shows the IR 
spectra of AAZrP, PyZrP and PySnP respectively. 
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Fig. 3.1(a) Thermogravimetric (TGA) curve of acrylamide zirconium (IV) 
phosphate (AAZrP). 
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Fig. 3.1(b) Thermogravimetric (TGA), DTA and DSC curves of pyridine 
zirconium (IV) phosphate (PyZrP). 
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Fig. 3.1(c) Thermogravimetric (TGA), DTA and DSC curves of pyridine tin 
(IV) phosphate (PySnP). 
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Fig. 3.2(a) Infra red spectrum of aciylamide zirconium (IV) phosphate (AAZrP). 
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Fig. 3.2(b) Infra red spectrum of pyridine zirconium (IV) phosphate (PyZrP). 
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Fig. 3.2(c) Infra red spectrum of pyridine tin (IV) phosphate (PySnP). 
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3.2.4.1 Infrared Spectroscopy: 
Infrared (IR) spectroscopy is one of the most common spectroscopic 
techniques used by organic and inorganic chemists Simply, it is the absorption 
measurement of different IR frequencies by a sample positioned m the path of an 
IR beam The mam goal of IR spectroscopic analysis is to determme the chemical 
functional groups m the sample Different functional groups absorb characteristic 
frequencies of IR radiation Usmg various samplmg accessories, IR spectrometers 
can accept a wide range of sample types such as gases, hquids, and solid Thus, IR 
spectroscopy is an important and popular tool for structural elucidation and 
compound identification 
> General Uses of IR Spectroscopy: 
• Identification of all types of organic and many types of morganic 
compounds 
• Determmation of functional groups m organic materials 
• Determmation of the molecular composition of surfaces 
• Identification of chromatographic effluents 
• Quantitative determmation of compounds in mixtures 
• Non-destructive method 
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• Determination of molecular conformation (structural isomers) and 
stereochemistry (geometrical isomers). 
• Determination of molecular orientation (polymers and solutions). 
> Common Applications of IR Spectroscopy: 
• Identification of compounds by matching spectrum of unknown compound 
with reference spectrum (fingerprinting). 
• Identification of fiinctional groups in unknown substances. 
• Identification of reaction components and kinetic studies of reactions. 
• Identification of molecular orientation in polymer films. 
• Detection of molecular impurities or additives present in amounts of 1% 
and in some cases as low as 0.01%. 
• Identification of polymers, plastics, and resins. 
• Analysis of formulations such as insecticides and copolymers. 
3.2.5 X-ray Diffraction Studies: 
X-ray diffraction studies were performed on a Philips Analytical X-ray 
B.V. diffractometer type PW 3710. Fig. 3.3 (a), (b) and (c) shows the X-ray 
diffraction pattern of the materials, AAZrP, PyZrP and PySnP. 
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3.2.5.1 X-ray Diffraction (XRD): 
X- ray diffraction is a versatile analytical technique for examining 
crystalline solids, which include ceramics, metals, electronic materials, geological 
materials, organics, and polymers. These materials may be powders, single 
crystals, multilayer thin films, sheets, fibres, or irregular shapes, depending on the 
desired measurement. X-ray diffractometers fall broadly into two classes: single-
crystal and powder. Single-crystal diffractometers are most often used to 
determine the molecular structure of new materials. Powder diffractometers are 
routinely used for phase identification and quantitative phase analysis but can be 
configured for many applications, including variable temperature studies, texture 
and stress analysis, grazing incidence diffraction, and reflectometry. 
> General Uses of XRD: 
Crystal structure determination. 
Phase identification. 
Quantitative phase analysis. 
Texture and stress analysis. 
High and low-temperature and pressure studies. 
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> Common Applications of XRD: 
Identification of unknowns. 
Quality control: qualitative and quantitative analysis. 
Characterization of poly crystalline and epitaxial thin films. 
Quantification of texture and orientation in metals and polymers. 
Variable-temperature studies to determine thermal expansion, stability, and 
phase diagrams. 
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Fig. 3.3(a) X-ray diffraction pattern of aciylamide zirconium (IV) phosphate 
(AAZrP). 
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Fig. 3,3(b) X-ray diffraction pattern of pyridine zirconium (IV) phosphate 
(PyZrP). 
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Fig. 3.3(c) X-ray diffraction pattern of pyridine tin (IV) phosphate (PySnP). 
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RESULTS AND DISCUSSION 
On the basis of their chemical analysis (Table 3.3) the molar composition 
of zirconium, phosphate, acrylamide (Zr:P04:CH2CHCONH2) in the AAZrP; 
zirconium, phosphate, pyridine (Zr;P04:C5H5N) in the PyZrP; and tin, phosphate 
and pyridine (Sn:P04: C5H5N) in the PySnP were found to be 1:2:3, 1:2:4 and 
1:2:7 respectively, which tentatively suggests the following formulae: 
[(Zr02)(H3P04)2(CH2CHCONH2)3].nH20, 
[(Zr02)(H3P04)2(C5H5N)4].nH20 and 
[(Sn02)(H3P04)2(C5H5N)7].nH20 respectively. 
Table 3.3 Composition of acrylamide zirconium (IV) phosphate (AAZrP) 
pyridine zirconium (IV) phoshate (PyZrP) and pyridine tin (IV) 
phosphate (PySnP). 
Material 
AAZrP 
PyZrP 
PySnP 
Weight of tlie 
material (mg) 
100 
100 
100 
Millimoles of the components 
Zr 
(TV) 
0.361 
Zr 
(IV) 
0.328 
Sn 
(IV) 
0.269 
PO4' 
0.673 
PO4' 
0.689 
P O / 
0,654 
C 
0,067 
C 
0.093 
C 
0.078 
H 
1.15 
H 
1.29 
H 
1.732 
N 
0.035 
N 
0.013 
N 
0.111 
Mole ratio 
Z n P O / : 
CHjCHCONHj 
1:2:3 
Zr;P04^:CsHsN 
1:2:4 
Sn:P04':CsHsN 
1:2:7 
The thermogram (Fig. 3.1 (a)) shows a 16% weight loss upto ~ 200°C for 
AAZrP and the T.G.A, curves (Fig. 3.1 (b) and (c)) show a 12.2% and 11.7% 
weight loss upto ~ 100°C for PyZrP and PySnP respectively, which may be due to 
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the removal of the external water molecules "n" from the materials [2]. The slow 
weight loss between 200°C and 510°C in case of AAZrP and between 100°C and 
200°C in case of PyZrP and PySnP may be due to the decomposition of the 
organic part of the material. An abrupt loss of weight between 510°C and 590°C 
for AAZrP may be ascribed to the condensation of H3PO4 to P2O7 groups [3]. At 
590°C onwards in case of AAZrP and 200°C onwards in case of PyZrP and 
PySnP, the smooth horizontal curve represents the formation of the pyrophosphate 
phase [4]. 
The number of external water molecules (n) is calculated by using the 
Alberti's equation [5]. 
X(M + 18n) 
18n= —'^  
100 
where X is the percentage weight loss in the exchanger and (M+18n) is the 
molecular weight of the material. Assuming the above structure to be a basic unit, 
the value of 'n' comes out to be ~ 5.5, 5 and 6.6 for AAZrP, PyZrP and PySnP 
respectively. 
The IR studies (Fig.3.2 (a), (b) and (c)) confirm the presence of the external 
water molecules in addition to the 0-H groups and the metal oxides and metal 
hydroxides (at the PO4 sites) present internally in the material. The different type 
of bands present in all the three materials [6,7] are summarized m Table 3.4. 
i 4 y 
The X-ray dififraction pattern (Fig.3.3(a)) of AAZrP exhibits very sharp and 
well defined peaks indicating a well crystalline character of the material. The 
X-ray diffraction pattern (Fig. 3.3 (b) and (c)) of PyZrP and PySnP exhibits some 
weak peaks, indicating its poorly crystalline character, which makes it difficult to 
evaluate its structure. Tables 3.5 (a) and (b) summarize the results of these studies. 
Table 3.4 Infra red Absorption bands of acrylamide zirconium (IV) 
phosphate (AAZrP) pyridine zirconium (IV) phoshate (PyZrP) 
and pyridine tin (IV) phosphate (PySnP). 
Absorption bands 
Metal oxides (M-0) 
and metal 
hydroxides 
(M-OH) 
Phosphate (P04^) 
and HP04^' 
Water of 
crystallization 
Acrylamide 
(-NH2) 
Pyridine (C-N) 
Pyridine (C=N) 
Wavelength (cm"^ ) 
AAZrP 
610 
508 and 
1050 
1600 and 3500 
2380 
— 
PyZrP 
728.25 
515.54 and 
1031.36 
1629.46 and 
3190.0 
-
1368.90 
1454.63 
PySnP 
721.96 
518.69 and 
1025.79 
1632.39 and 
3200.0 
— 
1377.27 
1463.24 
150 
Table 3.5 (a) X-ray diffraction data of acrylamide zirconium (IV) 
phosphate (AAZrP). 
Peak No. 
1 
2 
3 
4 
Angle (29") 
7 940 
19 520 
24 640 
33 440 
FWHM 
0 141 
**** 
0 165 
0118 
d-value 
11 1257 
4 5439 
3 6100 
2 6774 
Intensity 
3569 
3203 
3149 
2427 
I/Io 
100 
90 
88 
68 
Table 3.5 (b) X-ray diffraction data of pyridine zirconium (FV) 
phosphate (PyZrP). 
Angle 
(20") 
38 525 
38 665 
40 630 
44 755 
44 885 
d-value 
al[Al 
2 3349 
2 3268 
2 2187 
2 0233 
20177 
d-value 
a2[A] 
2 3407 
2 3326 
2 2242 
2 0283 
2 0227 
Peak width 
120°] 
0 080 
0 060 
0 080 
0 080 
0 040 
Peak int. 
[counts] 
21 
16 
3 
420 
202 
Back int 
[counts] 
2 
2 
2 
3 
4 
ReL int 
[%] 
50 
38 
08 
100 0 
48 0 
Signif. 
0 90 
0 79 
0 76 
3 63 
531 
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INTRODUCTION 
Knowledge of kinetics of exchange on inorganic materials is helpful for the 
evaluation of their separation potential [1,2]. Earher the old Bt criterion [3] was 
used for such a study [4], which is best apphcable for an isotope-exchange process 
[5] in which the ions have similar effective diffusion coefficients. In an ion-
exchange phenomenon, however, the fluxes of two different ionic species are 
coupled into one another [6], and, therefore, a single diffusion coefQcient can not 
describe the actual process. However, for a true ion-exchgnge process involving 
metal ions of different difiusion coefficients, the new approach based on Nemst-
Planck equations [7-9] should be more relevant. This type of work was initiated in 
these laboratories in 1983 and since then a number of papers have been pubhshed 
[10-18]. This new approach gives more precise values of the various kinetic 
parameters. The present chapter is the continuation of such a study. It summarizes 
the results on acrylamide zirconium (IV) phosphate, pyridine zirconium (IV) 
phosphate and pyridine tin (IV) phosphate, which have shown promising ion-
exchange behaviour and a marked selectivity for Hg^ ^ (AAZrP and PyZrP) and 
Pb (PySnP) ions respectively. 
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4.1 EXPERIMENTAL 
4.1.1 Reagents and Chemicals: 
All chemicals and reagents were of Analytical reagent grade. 
4.1.2 Apparatus: 
A water bath incubator shaker having a temperature variation of + O.S^ C 
was used in the equiUbrium studies. 
4.1.3 Kinetic Measurements: 
Ion-exchange particles of mean radii 125 (im (50-70 mesh size) in iT-form 
were used to evaluate various kinetic parameters. A total of 20 ml fractions of the 
0.04 M metal ion solutions for AAZrP and PyZrP and 0.03 M metal ion solutions 
for PySnP respectively, prepared in DMW were shaken with 200 mg of the 
exchanger in several stoppered conical flasks at the desired temperatures (25, 30, 
50 and 60°C for different time intervals (0.5, 1, 2, 3, and 4 min.). The supernatant 
Uquid was removed immediately and the determinations were made as usual by 
EDTA titrations. 
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RESULTS AND DISCUSSION 
The study shows that the fihn difiusion phenomenon is predominant below 
a metal ion concentratiori of 0.01 M. At and above this concentration, however, 
the exchange is governed by the particle difiusion phenomenon. The concentration 
effects on the mechanism of exchange was studied at 30°C. Linear plots of x 
versus t at metal ion concentrations > 0.04 M for AAZrP and PyZrP and at metal 
ion concentrations > 0.03 M for PySnP, passing through the origin confirm a 
particle diffusion controlled exchange (Fig. 4.1 (a), (b) and (c)). 
Under the conditions of particle diffusion control, a relatively large particle 
size of the exchanger and vigorous shaking, the fractional attainment of 
equilibrium may be expressed as: 
the amount of exchange at time t 
Uw = 
the amount of exchange at infinite time, i.e. at equilibrium 
Plots of U(x) versus t, time (min) for metal (Il)-hydrogen (I) exchanges (Fig. 
4.2 (a), (b) and (c)) indicate that the fractional attainment of equilibrium is faster at 
a higher temperature, which suggests that the mobihty of the ions increases with 
an increase in temperature. Although, this is a hmited bath system, the equation 
applicable to an infinite bath can be used here because CV » C V where C and C 
are the metal ion concenfrations in the solution and the exchanger phases, 
respectively, while V and V are the volumes of these phases. 
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Fig. 4.1(a) Plots oft versus time for M (II)-H (I) exchange using different metal 
ion solution concentrations at 30°C on acrylamide zirconium (IV) 
phosphate (AAZrP). 
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Fig. 4.1(b) Plots of T versus time for M (II)-H (I) exchange using different metal 
ion solution concentrations at 30°C on pyridine zirconium (IV) 
phosphate (PyZrP). 
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Fig. 4.1(c) Plots of X versus time for M (II)-H (I) exchange using different metal 
ion solution concentrations at 30°C on pyridine tin (IV) phosphate 
(PySnP). 
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Fig. 4.2(a) Plots of U(^ ) versus time for different metal(II)-H(I) exchanges on 
acrylamide zirconium (IV) phosphate (AAZrP) at different 
temperatures. (•,25°C; o,30°C; A,50°C; A,65°C). 
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Fig. 4.2(b) Plots of U(,) versus time for different metal (II)-H(I) exchanges on 
pyridine zirconium (IV) phosphate (PyZrP) at different temperatures. 
(•,25°C; o,30°C; A,50°C; A,65°C). 
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Fig. 4.2(c) Plots of U(,) versus time for different metal (II)-H(I) exchanges on 
pyridine tin (IV) phosphate (PySnP) at different temperatures. 
(.,25°C; o,30°C; A,50°C; A,65°C). 
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The Nemst-Planck equations can be solved with some additional 
assumptions [6] which are valid for inorganic ion exchangers as the swelling 
changes and the specific interactions are not significant in this case. As a resuh we 
obtain a coupled interdififusion coefficient DAB, the value of which depends on the 
relative concentrations of the counter ions 'A' and 'B' in the exchanger phase 
(CAandCe). For ( C A « C B ) , the interdiffusion coefficient assumes the value 
D A, 'A' being the counter ion initially present in the ion-exchanger phase. Since in 
the present study the exchanger is taken in the iT-form, DA may be replaced by 
D H . 
Thus, on the basis of the Nemst-Planck equations the numerical results can 
be expressed by the expUcit approximation [9]: 
U(.) = (l-exp [ le (fi (a) X + f2 (a) x' + i, (a) x')]}''' 
where x is DH t / ro ;^ mobihty ratio, a = DH / DM ; ro is the particle radius which is 
equal to 125 )am;DM is the interdififusion coefificient of the metal ion in the 
exchanger phase and DH is the interdififusion coefificient of the hydrogen ion in 
the exchanger phase. The value of a was assumed. 
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Under the conditions 1 < a < 20 and the charge ratio, ZR/ZM = 1/2 which 
are fulfilled in the present case, the three functions fi (a), £2 (a) and fa (a) can be 
expressed as: 
1 
f , ( a ) = -
0.64 +0.36a 0 668 
f 2 ( a ) = - ^ 
0.96 + 2.0a°'''' 
1 fa (a) = 
^ ' 0.27 +0.09a''' 
Each value of U(x) has a corresponding value of x (dimensionless parameter) 
as obtained earher [19,20]. The plots of x versus t (time) at four different 
temperatures for metal (ll)-hydrogen (1) exchange as shown in Fig. 4.3 (a), (b) and 
(c), are straight hnes passing through the origin confirming a particle difhision 
controlled phenomenon. 
The slopes (S) of various x versus t (time) plots for all metal ions are given 
in Tables 4.1 (a), (b) and (c), which are related to DH as follows: 
S=DH/ro^ 
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Fig. 4.3(a) Plots of T versus time for different metal (II)-H(I) exchanges on 
aciylamide zirconium (IV) phosphate (AAZrP) at different 
temperatures (•,25°C; o,30°C; 1,50°C; A,65°C). 
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Fig. 4.3(b) Plots of r versus time for different metal (II)-H(I) exchanges on 
pyridine zirconium (IV) phosphate (PyZrP) at different temperatures 
(•,25°C; o,30°C; A,50°C; A,65°C). 
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Fig. 4.3(c) Plots of r versus time for different metal (II)-H(I) exchanges on 
pyridine tin (IV) phosphate (PySnP) at different temperatm-es 
(•,25°C; o,30°C; A,50°C; A,65°C). 
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The value of DH has been evaluated by the equation: 
DH = S X ro^ 
where, S is the slope which is calculated from Fig. 4.3 (a), (b) and (c) by plotting it 
on X and Y axis for metal ions at different temperatures, and ro is a standard 
quantity which is equal to 125^m. 
The values of-log DH obtained by this equation were plotted against 1/T. 
Straight hues are obtained for all the metal ions studied, as shown in Fig. 4.4 (a), 
(b) and (c), justifying the vahdity of the Arrhenius equation: 
DH = Doexp(-Ea/RT) 
The pre-exponential constants Do are obtained from the intercepts of the 
Unes and then the Ea values can be calculated by use of this equation. 
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Table 4.1 (a) Slopes (S) of the various T versus time plots at different 
temperatures for the exchange of M (II) - H (I) on 
acrylamide zirconium (IV) phosphate (AAZrP). 
Migrating ion 
Mg(II) 
Ca(II) 
Sr(II) 
Ba(II) 
S X 10"* (s"') values at 
25"C 
0.83 
1.10 
0.66 
2.80 
SOT 
1.10 
1.66 
1.00 
4.30 
SOT 
1.50 
2.33 
1.33 
6.16 
65 °C 
2.00 
2.75 
1.66 
6.50 
Table 4.1 (b) Slopes (S) of the various T versus time plots at different 
temperatures for the exchange of M (II) - H (I) on 
pyridine zirconium (IV) phosphate (PyZrP). 
Migrating ion 
Mg(II) 
Ca(II) 
Sr(II) 
Ba(II) 
S X 10'* (s"^ ) values at 
25"C 
1.5 
1.33 
2.0 
2.16 
30 "C 
1.83 
1.66 
2.33 
2.5 
50 "C 
2.66 
2.16 
3.0 
2.83 
65 "C 
3.33 
2.66 
3.5 
3.66 
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Table 4.1 (c) Slopes (S) of the various T versus time plots at different 
temperatures for the exchange of M (II) - H (I) on 
pyridine tin (IV) phosphate (PySnP). 
Migrating ion 
Mg(II) 
Ca(II) 
Sr(II) 
Ba(II) 
S X lO"* (s-^ ) values at 
25"C 
20 
16.66 
13.33 
15 
30 °C 
25 
20 
16.66 
18.33 
SOT 
28.33 
23.33 
20 
21.66 
65 "C 
31.66 
26.66 
23.33 
28.33 
169 
(J) 
E 
X 
•o 
T 
11.0 
11.5 
12.0 
12.5 
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iyT*KX10~3 
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Fig. 4.4(a) Plots of - log DH versus 1/T (K) for: • , Mg (II); o, Ca (II); A, 
Sr (II); A, Ba (II); on acrylamide zirconium (IV) phosphate 
(AAZrP). 
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1/T°K XIO"^ 
Fig. 4.4(b) Plots of-log DH versus 1/T(K) for: • , Mg (II); o, Ca (II); A, 
Sr (II); A, Ba (II); on pyridine zirconium (IV) phosphate (PyZrP). 
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3.5 4.0 
1/T°KX10~^ 
Fig. 4.4(c) Plots of-log DH versus 1/T(K) for: . , Mg (II); o, Ca (II); A, 
Sr (II); A, Ba (II); on pyridine tin (IV) phosphate (PySnP). 
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The entropy of activation (AS ) is obtained by substituting Do in the 
following equation: 
2 KT Do = 2.72 d — exp ^AS*^ 
v R y 
where, K is the Boltzmann constant and h is the Planck's constant, d is the ionic 
o 
jump distance taken as 5 A [21], R is the gas constant and T is taken as 273 K. The 
values of the diffusion coefficient (DQ), energy of activation (Ea) and entropy of 
activation (AS ) thus obtained are summarized in Tables 4.2 (a), (b) and (c). 
These results show that the values of Do, Eg and AS decreases with the 
decrease in hydrated radii. The negative values of AS indicate that the ion-
exchange process is more feasible when the exchanger is in iT-form and 
exchanged by a metal ion. Fig. 4.5 (a), (b) and (c) shows a linear variation of Ea 
and AS with ionic radii, hydrated ionic radii and ionic mobihties. 
A comparison of the kinetic behaviour of AAZrP, PyZrP and PySnP as 
summarized in Tables 4.2 (a), (b) and (c) indicates a lower activation energy and 
higher negative values of AS for PyZrP than AAZrP and PySnP, thus, suggesting 
the presence of more active exchange sites in its structure which probably 
accounts for the higher efficiency of its column. 
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Table 4.2 (a) Do, Ea and AS* values for the exchange of H (I) with some 
alkaline earth metals on acrylamide zirconium (IV) 
phosphate (AAZrP). 
Migrating 
ion 
Mg(II) 
Ca(II) 
Sr(II) 
Ba(II) 
Ionic 
mobility. 10', 
(m'.V'.s') 
55 
62 
62 
66 
Ionic 
radii 
(nm) 
0 078 
0 106 
0 127 
0 143 
Hydratcd 
ionic radii 
(nm) 
0310 
0 200 
0 180 
0 150 
Do 
12 65x10' 
6 25x10' 
40x10 ' 
20x10 ' 
(kJmol') 
16 74 
15 16 
14 91 
13 62 
AS* 
(J.K 'mol') 
-47 59 
-53 45 
57 16 
-62 93 
Table 4.2 (b) Do, Ea and AS* values for the exchange of H (I) with some 
alkaline earth metals on pyridine zirconium (IV) 
phosphate (PyZrP). 
Migrating 
ion 
Mg(II) 
Ca(II) 
Sr(II) 
Ba(II) 
Ionic 
mobility. 10^ 
( m l v \ s ' ) 
55 
62 
62 
66 
Ionic 
radii 
(nm) 
0 078 
0 106 
0 127 
0 143 
Hydrated 
ionic radii 
(nm) 
0 310 
0 200 
0 180 
0 150 
Do 
(m\s ' ) 
0 50x10' 
0 33x10' 
0 15x10' 
0 13x10' 
(kJmol') 
8 88 
7 97 
6 53 
6 39 
AS* 
(J.K^mol') 
-74 43 
-77 88 
84 01 
-85 54 
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Table 4.2 (c) Do, Ea and AS* values for the exchange of H (I) with some 
alkaline earth metals on pyridine tin (IV) phosphate 
(PySnP). 
Migrating 
ion 
Mg(II) 
Ca(II) 
Sr(II) 
Ba(II) 
Ionic 
mobility. 10*, 
5.5 
6.2 
6.2 
6.6 
Ionic 
radii 
(nm) 
0.078 
0.106 
0.127 
0.143 
Hydrated 
ionic radii 
(nm) 
0.310 
0.200 
0.180 
0.150 
Do 
(m^s>) 
89.12x10' 
70.79x10"' 
56.23x10"' 
23.71x10"' 
(kJmol') 
14.9 
14.8 
14.7 
12.93 
AS* 
(J.K'mol') 
-31.35 
-33.26 
-35.18 
-42.36 
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Fig. 4.5(a) Variation of Ea and AS* with ionic radii, hydrated ionic radii and 
ionic mobihties of alkaline earth metals on acrylamide zirconium 
(IV) phosphate (AAZrP). 
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Fig. 4.5(b) Variation of Ea and AS* with ionic radii, hydrated ionic radii and 
ionic mobilities of alkaline earth metals on pyridine zirconium (IV) 
phosphate (PyZrP). 
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Fig. 4.5(c) Variation of Ea and AS* with ionic radii, hydrated ionic radii and 
ionic mobiUties of alkaline earth metals on pyridine tin (IV) 
phosphate (PySnP). 
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NOTES 2^19 
t/(,) = {l - expln-(/, (a>+)/, (a)!^ + / , (aV)]}" 
where T IS D H//rg'^, mobility ratio, a = DH I DM ,xa 
IS the particle radius which is equal to 125 \im, DM IS 
the mterdiffusion coefficient of the metal ion m the 
exchanger phase and DH IS the mterdiffusion 
coefficient of the hydrogen ion in the exchanger 
phase The value of a was assumed 
Under the conditions 1 < a < 20 and the charge 
ratio, Z„ /Z/^ = '/2 which are fulfilled in the present 
case^ the three functions/j('aj,/2faj and/?(aj can be 
expiessed as 
1 2 3 
Time (mm) 
1 2 3 
Time (mm) 
Fig 1—Plots ot U(i) veisus time toi M(I1)-H(I) exchange on 
acrylamide zirconium (IV) phosphate at different temperatures 
[•, 25°, o, 30", A.SC.A.eS'C] 
/ , ( a )=- l /0 64 + 016a"">\ 
/ 2 ( a ) - - l / 0 96 + 2 0a '" '"^ 
/3 (a)=- l /0 27 + 0 09a"^ 
Plots of U^,) versus time / (mm) for metal (II)-
hydrogen (I) exchanges (Fig 1) indicate that the 
fractional attainment of equilibrium is faster at a 
higher temperature, which suggests that the mobility 
of the ions increases with an increase m temperature. 
Each value of U^,) has a corresponding value of r 
(dimensionless parameter) as obtained earlier 
The slopes (S) of various r versus tuiie (;) plots for 
all metal ions are given in Table ' , which are related 
to DH as follows 
Linear plots of -logDw versus i/T justifying the 
validity of the Arrhemus equation 
'DH - DO exp(-£„//??) 
The energy of activation (£«) and the pre-
exponential constant (Do) were estimated from these 
plots at 273K The entropy of activation {AS*} was 
then calculated\ by substituting Do m, the following 
equation 
D^=212d^KT/h exp(A5*/R) 
where d is the ionic jump distance taken as SA, K is 
the Boltzmann constant and h is Planck's constant T 
IS taken as 273K, the values of the diffusion 
coefficient (Do), energy of activation (Ea) and entropy 
Table 1—Slopes (S) of the various T versus time plots for alkaline 
earth metals on acrylamide ziiconium (IV) phosphatp 
SxlO', (s')attemp (°C) 
MigraUng ion 
Mg(ll) 
Ca(n) 
Sr(II) 
Ba(II) 
25 
0 8-^  
i 10 
0 66 
2 80 
30 
1 10 
1 66 
100 
4 30 
50 
1 50 
2 33 
133 
6 16 
65 
2 00 
2 75 
166 
6 50 
Table 2—DQ, energy of activation and entropy of activation of alkaline earth metals on acrylamide zirconium(IV) phosphate 
Migrating 
ion 
Mg(II) 
Ca(II) 
Sr(II) 
BadI) 
^v 's- ' ) 
Ionic mobility 
10', (m 
55 
62 
62 
66 
Ionic radii 
(nm) 
0 078 
0 106 
0127 
0 143 
Hydrated ionic 
radii (nm) 
0310 
0 200 
0 180 
0 150 
Do 
(m' s ') 
12 65x10' 
6 25x10' 
4 0x10' 
2 0x10' 
(kJmoP') 
16 74 
15 16 
14 91 
13 62 
(J K-'mor') 
-47 59 
-53 45 
-57 16 
-62 93 
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of activation (AS*) thus obtained are summarized m 
Table 2 
These results show that the values of Do , Ea and 
A5* decreases with the decrease in hydrated radii The 
negative values of A5'* indicate that the ion-exchange 
process is more feasible when the exchanger phase is 
in H*-form and exchanged by a metal ion Results 
show a linear variation of E„ and AS* with ionic radii, 
hydrated radu and ionic mobilities 
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